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Introduction générale 
  
 
 La chimie théorique permet de rendre compte et de comprendre de plus en plus de 
phénomènes observés expérimentalement grâce notamment au développement des méthodes 
basées sur la théorie de la fonctionnelle de la densité (DFT) autorisant le traitement précis de 
systèmes moléculaires de plus en plus gros. Les besoins des expérimentateurs de pouvoir 
rationaliser leurs observations apportent aux théoriciens de nouveaux défis d’analyse. De 
manière symétrique, les études théoriques de systèmes conçus idéalement suggèrent aux 
expérimentateurs de nouvelles voies d’études ou cibles de synthèse. C’est dans ce contexte 
d’interaction expérience-théorie, conduisant a priori à un enrichissement mutuel des deux 
approches, que ma thèse a été effectuée, dans un laboratoire et une équipe composée 
principalement de chimistes expérimentateurs.  
Deux types de cibles sont étudiées expérimentalement dans l’équipe de Remi Chauvin 
en collaboration avec Valérie Maraval et Yves Canac respectivement : (i) les carbo-mères, 
des molécules expansées et enrichies en carbone1. Les études se concentrent actuellement sur 
les propriétés optiques (non linéaires)2 et conductrices3 potentielles de ces cibles organiques; 
(ii) des ligands carbonés riches en électrons et des ligands phosphorés pauvres en électrons et 
leurs complexes de métaux de transition en vue d’applications en catalyse.4  
 La première partie de mon travail a été consacrée à l’étude de propriétés optiques 
linéaires et non-linéaires de molécules organiques et organométalliques soit déjà préparées 
expérimentalement dans l’équipe, soit conçues théoriquement au cours des études présentées 
plus loin. Les états excités « optiques » (optiquement accessibles) de ces molécules, 
considérées a priori à l’état fondamental singulet à couches fermées (cas  « classique »), ont 
donc été calculés et analysés. 
 La deuxième partie a été consacrée à l’étude du caractère bi- ou poly-radicalaire de 
molécules organiques. La nature mono-déterminantale de la méthode DFT utilisée pour 
calculer des états fondamentaux singulets à couches ouvertes, fait que les solutions obtenues 
(dites à symétrie brisée) sont plus ou moins contaminées par des états de multiplicité de spin 
supérieure. Il est donc nécessaire de calculer ces « états excités magnétiques » pour obtenir 
des états singulets à couches ouvertes décontaminés. 
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Etats excités optiques : absorption à un et deux photons 
 
Les carbo-mères introduits par Remi Chauvin en 1995,1a sont des structures expansées 
et enrichies en carbone par insertion d’unités C2 dans tout ou partie des liaisons (d’une 
structure de Lewis) d’une molécule mère selon le schéma suivant : 
X-Y → X-C≡C-Y      X=Y → X=C=C=Y      X≡Y → X≡C-C≡Y 
  A ce jour, de nombreuses structures carbo-mères cycliques et acycliques ont été 
étudiées théoriquement et/ou expérimentalement dans l’équipe. 1b,1c,5 
Les études se sont tout d’abord focalisées sur les dérivés du carbo-benzène ou carbo-
mère de cycle du benzène, dont l’aromaticité était pressentie comme facteur stabilisant.6 
L’aromaticité de ce macrocycle à 18 atomes de carbone a été caractérisée à l’aide d’indices 
d’aromaticité structurale, magnétique et énergétique. 7  Selon l’indice d’aromaticité de 
référence, à savoir l’énergie de résonance topologique (TRE), l’aromaticité de C18H6 (TRE = 
0,088 β) est environ trois fois plus faible que celle de sa molécule mère, le benzène (TRE = 
Figure 1. Diagrammes d’énergie représentant : (à gauche)
l’absorption à un et deux photons vers des états excités
« optiques » à partir d’un état fondamental singulet à couches
fermées, et (à droite) les états excités de différentes multiplicités
de spin, utilisés pour décontaminer la solution à symétrie brisée. 
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 9 
0,273 β).8  
Des « carbo-matériaux » ont été envisagés à partir de ce motif de base macrocyclique 
C18 et la stabilité de « carbo-nanotubes de carbone » a été étudiée. 9  Le macrocycle 
aromatique C18 est aussi l’unité de base du carbo-graphène ou α-graphyne, une variété 
allotropique du carbone encore théorique, dont les propriétés conductrices remarquables 
calculées, sont corrélées, comme dans le cas du graphène, à l’existence de « cônes de 
Dirac » dans la structure de bandes de ces matériaux bidimensionnels. Une structure du 
carbo-graphite (ou ABC-α-graphityne), construite par empilement de feuillets d’α-graphyne 
décalés, à été étudiée théoriquement tout récemment dans l’équipe, et figure parmi les très 
rares exemples de matériaux tridimensionnels présentant deux cônes de Dirac non-
équivalents.10 
Des carbo-mères de polyènes acycliques ont également été synthétisés, ouvrant la voie 
au carbo-polyacétylène.11 
Au délà du défi de synthèse de ces structures carbo-mères cycliques et acycliques, 
leurs applications potentielles sont maintenant explorées. Ainsi, des propriétés de conductivité 
de molécule unique bien supérieures à celles de leurs analogues porphyriniques viennent 
d’étre mesurées.3 
L’influence de la carbo-mérisation sur les propriétés optiques non linéaires (ONL) est 
aussi à l’étude. Une première étude théorique déjà ancienne avait prédit une exaltation des 
propriétés ONL du second ordre de la para-nitroaniline bien supérieure à celle résultant de 
l’augmentation de la taille due à la carbo-merisation. 12  Toutefois, les chromophores 
correspondants et les dérivés carbo-benzéniques “push-pull “ dissymétriques étant difficiles à 
synthétiser, les études expérimentales se sont orientées vers la préparation de dérivés carbo-
benzéniques symétriques construits sur le modèle des chromophores organiques les plus 
efficaces en absorption à deux photons.  
 Des dérivés carbo-benzéniques quadripolaires, de type donneur-accepteur-donneur D-
π-A-π-D, impliquant des ponts π-conjugants (π) entre des extrémités acceptrices (A) et des 
extrémités donneuses (D) (Figure 2) sont donc étudiés expérimentalement dans l’équipe, pour 
leur efficacité en absorption à deux photons (ADP). Cette propriété optique non-linéaire 
(ONL) du troisième ordre ouvre de nombreuses perspectives d’applications (limitation 
optique13, imagerie médicale haute résolution14, thérapie photodynamique15, ...). Du point de 
vue de la physique expérimentale, l’efficacité ADP d’un chromophore est mesurée par la 
section efficace σADP, usuellement exprimée en Göppert-Mayer (GM), en hommage à Maria 
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Göppert-Mayer ayant prédit théoriquement l’existence du phénomène en 1931,16 avant sa 
première mise en évidence expérimentale par Kaiser et Garett en 1961.17 Dans le but 
d’analyser le phénomène d’ADP dans des dérivés « expansés » (voir plus loin), la section 
efficace (ou probabilité de transition) ADP de plusieurs carbo-benzènes de type D-π-A-π-D a 
été calculée au niveau TD-DFT avec la méthode « sum-over-states » (SOS) et, dans certains 
cas, comparée à des résultats expérimentaux. Les valeurs de σADP ainsi obtenues ont été 
analysées, notamment à l’aide du modèle à trois niveaux.16b Les états excités mis en jeu ont 
été ainsi analysés selon deux aspects principaux : (i) le transfert de charge induit par la 
transition électronique, et (ii) les moments dipolaires de transition correspondants, pour 
lesquels une méthode de visualisation a été développée. 
 
 
Figure 2. Principe de carbo-mérisation d’un noyau benzénique, ainsi que des liaisons extra-
cycliques en para d’un dérivé de type D-π-A-π-D (n = 0,1). 
 
 L’absorption à un photon de chromophores carbo-benzéniques quadripolaires avait 
déjà été étudiée dans le cas du p-dianisyltétraphényl-carbo-benzène.18 Il avait alors été montré 
que le spectre UV-visible pouvait être interprété à l’aide du modèle à quatre orbitales de 
Gourterman servant à décrire les spectres des porphyrines. La pertinence de ce modèle pour 
l’ensemble des dérivés carbo-benzéniques a été étudiée dans ce travail de thèse, et une 
analyse de l’origine de l’intensité relative des bandes de type  B (Soret) et Q (par référence 
aux porphyrines), a été proposée. Les résultats obtenus au niveau TD-DFT ont été confrontés 
à ceux obtenus au niveau MS-CASPT2 pour des dérivés carbo-benzéniques modèles. 
 
 Toujours dans le contexte d’interaction expérience-théorie « in situ », les méthodes 
évoquées ci-dessus ont été appliquées à l’étude des spectres électroniques de complexes 
organométalliques dipolaires de type « push-pull », LD-M-LA, dont la synthèse est étudiée 
D
A A
A A
D )n
A A
(
AA
( )nD D
C2
insertion
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dans l’équipe et où le métal M pourrait jouer le rôle du pont π-conjuguant des chromophores 
organiques ci-dessus. En effet, des systèmes de type « push-pull » organiques ont attiré une 
forte attention pour de nombreuses applications.19 Ainsi, dans un complexe de palladium 
cationique obtenu expérimentalement, M est un centre Pd(II), LD est un ligand neutre 
imidazol-2-ylidène riche en électrons et σ-donneur (de la catégorie des carbènes N-
hétérocycliques « NHC »), LA est un ligand N’-methyl-N-phénylimidazoliophosphine 
(cationique) dont le caractère pauvre en électrons et a priori π-accepteur a été récemment mis 
en lumière.4,20 Les propriétés d’absorption à un photon de ce complexe, calculées au niveau 
TD-DFT, ont été comparées à celles du complexe neutre parent, où LA est le ligand N-
phénylimidazolophosphine (neutre). Une analyse du caractère transfert de charge de ces 
transitions électroniques a été réalisée à l’aide d’une visualisation des densités de trou et de 
particule. Des complexes, où le caractère transfert de charge a été exalté par le remplacement 
du ligand LD diaminocarbène (NHC) par un ylure ou un yldiure de phosphonium, plus 
donneurs encore, ont été ensuite étudiés, à ce jour seulement au niveau théorique.  
 
Etats excités magnétiques : molécules organiques antiferromagnétiques 
 
 Dans le cadre d’une collaboration avec Georges Trinquier et Esmail Alikhani, animée 
par Jean-Paul Malrieu, le caractère bi- ou poly-radicalaire de molécules organiques π-
conjuguées à l’état singulet a été étudié, en utilisant des outils mis au point en partie par ces 
collaborateurs. Deux familles de molécules ont été considérées à partir des deux séries 
suivantes : (i) une série construite par carbo-mérisation successive de la liaison extra-cyclique 
C=C(H2) et des liaisons C-H des extrémités méthylène du para-quinodiméthane, et (ii) une 
série de carbo-benzènes de première, deuxième et troisième générations. Ces séries ont été 
complétées par des « décorations » diverses (insertion de motifs p-phenyl, substitution des 
atomes d’hydrogène terminaux par des motifs alcyne, alcène, nitrile ou phényle). Les 
solutions à symétrie brisée calculées au niveau UDFT, doivent être corrigées de leur 
contamination par les états de spin supérieurs (triplet, quintet, etc...) pour déterminer l’énergie 
exacte des états singulets à couches ouvertes. Pour ce faire, deux méthodes ont été utilisées et 
comparées, l’une permettant de déterminer la géométrie optimisée de l’état singulet à couches 
ouvertes,21 et l’autre permettant de prendre en compte plusieurs états de multiplicité de spin 
supérieure lors de la décontamination.22 Les résultats obtenus suggèrent non seulement des 
interprétations pour certaines propriétés observées en série carbo-mère (aromaticité, structure 
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fine de spectres d’absorption, conductance, etc.), mais aussi des cibles de synthèse 
expérimentales conceptuellement inédites à ce jour. 
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Introduction Méthodologique 
 
 
 Les méthodes de la chimie quantique sont brièvement présentées ci-après dans un 
contexte général, dans le but de donner un aperçu de leurs spécificités et efficacités relatives. 
Cela permettra de justifier les choix méthodologique adoptés plus loin dans le mémoire. 
 
L’approximation Hartree-Fock : HF 
 
 La méthode de calcul ab initio Hartree-Fock (HF) est le point de départ pour la 
construction d’une fonction d’onde électronique des méthodes dites post-Hartree-Fock, telle 
que la méthode CASPT2 utilisée dans ce travail. Cette méthode simple permet, malgré ses 
limites, d’offrir une vision élémentaire des fonctions d’onde construites à partir de 
combinaisons de spin-orbitales atomiques.  
 Cette méthode se situe dans le cadre de l’approximation Born-Oppenheimer dans 
laquelle la fonction d’onde d’une molécule est considérée comme pouvant être divisée en une 
partie électronique et une partie nucléaire (vibration, rotation et translation). 
 
   	
   $'
 
 La fonction d’onde totale est à la fois fonction des coordonnées électroniques et des 
coordonnées nucléaires : Ψ(R,r), avec R les coordonnées nucléaires et r les coordonnées 
électroniques. Or la masse d’un proton étant près de deux mille fois plus grande que celle de 
l’électron, on peut considérer que dans une molécule les électrons s’ajustent instantanément 
au mouvement des noyaux (issu par exemple d’une vibration). Ainsi, au lieu de résoudre 
l’équation de Schrödinger totale :  
 
    $(
 
dans l’approximation Born-Oppenheimer, on distingue donc, une partie nucléaire et une partie 
électronique : 
 
         $)
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         
 
La première est l’équation de Schrödinger électronique (noyaux fixes), et la seconde est 
l’équation de Schrödinger nucléaire (mouvement des noyaux dans le potentiel Uel généré par 
les électrons). 
 L’Hamiltonien électronique pour un système à N électrons et M noyaux de charges Za 
s’écrit : 
 

   


 




 $*
'     
  


 $+
 
 La méthode HF propose de chercher la fonction d’onde sous la forme d’un 
déterminant de Slater construit sur des fonctions mono-électroniques ϕiα et ϕiβ  (spin-
orbitales) : 
  

 


     
  
     
 $,
 
où N est le nombre d’électrons du système. La forme déterminantale garantit l’antisymétrie de 
la fonction d’onde Ψ0 résultant de la non-discernabilité des électrons. Les fonctions spatiales, 
ϕi, des spin-orbitales sont construites par combinaison linéaire d’orbitales atomiques 
orthogonales, χk.  
 

  


 $-
 
Des fonctions de base supplémentaires peuvent être ajoutées aux orbitales atomiques, par 
exemple des fonctions de polarisation (orbitales p de l’atome d’hydrogène pour faciliter la 
description des liaisons X-H) ou des fonctions diffuses pour une meilleure description des 
anions. De manière générale, plus le nombre de fonctions de base est important, plus la 
 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fonction d’onde est précise, par contre le temps de calcul sera plus long en retour. La méthode 
HF étant variationnelle, l’énergie de la solution obtenue est toujours supérieure à l’énergie 
exacte du système.  
 

        


     




 $.
 
où (ii|jj) représente la répulsion coulombienne entre les électrons et (ij|ji) donne l’énergie 
d’échange avec une notation allégée des orbitales mono-électroniques ϕi. 
La méthode HF détermine les coefficients cki pour toutes les spin-orbitales de manière 
à minimiser l’énergie du système en utilisant la méthode du champ auto-cohérent (Self 
Consistent Field). Une limitation importante de cette approche est qu’elle néglige la 
corrélation électronique par l’utilisation d’un potentiel moyen pour décrire l’interaction entre 
le mouvement des électrons les uns par rapport aux autres.  
 Des méthodes dites post-Hartree-Fock, incorporant des configurations excitées, 
permettent d’obtenir cette énergie de corrélation, qui est définie comme la différence 
d’énergie entre l’énergie exacte (non-relativiste dans l’approximation de Born-Oppenheimer) 
et l’énergie HF. L’énergie exacte peut, en théorie et dans un espace de fonctions de base 
donnée, être calculée en utilisant la méthode full-CI (interaction de configuration complète). 
En pratique, cette méthode est très coûteuse et ne peut être utilisée que pour des systèmes de 
très petites tailles. Dans ce travail, nous avons utilisé une méthode multiconfigurationelle 
(CASPT2) faisant intervenir un nombre réduit de configurations excitées au sein d’un espace 
restreint (espace actif). 
 
 La théorie de la fonctionnelle de la densité : DFT 
 
 Une alternative aux méthodes ab initio basées sur la fonction d’onde à N électrons est 
d’utiliser la densité électronique ρ. La densité électronique et la fonction d’onde sont reliées 
par l’équation suivante : 
 
    



      $/
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Il est possible de réécrire une expression de l’énergie totale issue de l’équation de Schrödinger 
en utilisant la densité électronique : 
 
                    $'&
 
où vext  correspond au potentiel externe associé à l’interaction électron-noyau. A partir de cette 
équation, Hohenberg et Kohn1 ont montré, dans un premier théorème, qu’il existait une 
relation directe entre le potentiel externe vext et la densité électronique ρ de l’état fondamental, 
montrant ainsi qu’à l’état fondamental, l’énergie est une fonctionnelle de la densité 
électronique. Pour un potentiel donné, on a donc : 
 
    $''
 
Il est ainsi possible de réécrire l’équation 10 en faisant apparaître un terme dépendant du 
potentiel externe et un autre qui en est indépendant, une fonctionnelle universelle F[ρ] ne 
dépendant que de la densité électronique du système étudié : 
 
                         $'(
 
Dans un second théorème, Hohenberg et Kohn ont établi le principe variationnel pour la DFT. 
Montrant que l’énergie d’un système E[ρ] est un minimum, E0, si et seulement si elle est 
déterminée à partir de la densité exacte du système, ρ0. 
 
       $')
 
Ces deux théorèmes montrent que la connaissance de la densité électronique d’un système 
permet de déterminer son Hamiltonien ainsi que les observables qui en découlent. Par contre 
ils ne donnent pas de méthode pour déterminer cette densité car la forme analytique de la 
fonctionnelle universelle reste inconnue. 
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La formulation Kohn-Sham  
 
 Kohn et Sham ont développé une méthode permettant de déterminer la densité 
électronique de l’état fondamental donnant donc la possibilité d’accéder à son énergie.2 Tout 
d’abord, ne pouvant déterminer une expression de l’énergie cinétique d’un gaz d’électrons en 
interaction, cette méthode propose d’utiliser l’expression de l’énergie cinétique d’un gaz 
d’électrons sans interaction dont la forme analytique est connue. Le calcul de cette énergie 
cinétique, notée Ts, se fait en utilisant des orbitales mono-électroniques formant une fonction 
d’onde multiélectronique sous la forme d’un déterminant de Slater, de la même manière que 
pour la méthode HF. 
 

  

   
 


 $'*
 
Le deuxième terme extrait de la fonctionnelle universelle est l’interaction coulombienne 
classique entre les électrons. On obtient ainsi une expression donnant l’énergie d’un système 
constitué d’un gaz électronique sans interaction soumis à un potentiel effectif, veff, et dont la 
densité est celle du système réel. 
 
     $'+
   


     
  
     

   
     
$',
    

  $'-
 
Où vxc est appelé potentiel d’échange-corrélation. 
 Grâce à cette méthode, il est donc possible de calculer l’énergie d’un système dans son 
état fondamental de manière exacte, en théorie. Néanmoins le potentiel d’échange-corrélation 
n’étant pas connu, un gros travail est fait pour développer des fonctionnelles d’échange-
corrélation approchées. De plus, certaines fonctionnelles, dites fonctionnelles hybrides, 
incorporent un certain pourcentage d’échange HF dans le but d’améliorer la description des 
systèmes étudiés (par exemple la fonctionnelle B3LYP). 3  De nouvelles fonctionnelles, 
 
 
 22 
appelées fonctionnelles à séparation de portée, font varier le pourcentage de potentiel 
d’échange HF en fonction de r-1 pour palier au mauvais comportement asymptotique des 
fonctionnelles (par exemple la fonctionnelle CAM-B3LYP),4 et sont mieux adaptées à la 
description des états excités.  
 
La DFT dépendante du temps : TD-DFT 
 
 Les méthodes présentées jusqu’à présent permettent d’étudier seulement les systèmes 
dans leur état fondamental. Or l’étude des propriétés optiques, issues d’une perturbation 
dépendante du temps, requiert la connaissance des états électroniques excités. Pour traiter ces 
questions, la théorie de la fonctionnelle de la densité dépendante du temps (TD-DFT) a été 
développée. Elle fut introduite par Runge et Gross5 dont les théorèmes sont les pendants des 
théorèmes de Hohenberg et Kohn pour un potentiel dépendant du temps. Ils montrent que 
toutes les observables d’un système multiélectronique peuvent être déterminées à partir de sa 
densité électronique dépendante du temps.  
 La résolution des équations de la TD-DFT  se fait en utilisant la théorie de la réponse 
linéaire sous la forme proposée par Casida,6 où seuls les termes linéaires de l’expansion de la 
densité électronique en fonction du potentiel externe dépendant du temps sont conservés. 
Dans ce formalisme, il s’agit de résoudre l’équation aux valeurs propres suivante : 
 
  
 

  
 
 

  $'.
#
                
           
$'/
 
 Le terme dominant de la matrice A est la différence d’énergie entre les orbitales 
virtuelles, a, et occupées, i, qui sont respectivement celles vers, et d’où, l’électron est excité. 
Le second terme de A et le premier terme de B proviennent de la réponse linéaire du potentiel 
Coulombien. Le terme suivant de ces deux matrices correspond à la réponse linéaire du 
potentiel d’échange corrélation, pondéré par le pourcentage d’échange HF, correspondant au 
dernier terme de ces matrices, apparaissant dans le cas d’une fonctionnelle hybride.  
 La résolution de l’équation 18 permet donc d’obtenir les énergies d’excitations, ω, 
ainsi que les vecteurs de transitions. Ces derniers sont construits par combinaison linéaire de 
mono-excitations X, et de  mono-« désexcitations » Y. Il est maintenant possible de 
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déterminer, en plus des énergies d’excitations, les forces d’oscillateurs, fI, correspondant aux 
probabilités d’absorber un photon et qui sont directement comparables au coefficient 
d’extinction molaire expérimental, ϵ. 
 

 

          


 $(&
!   
   
     $('
 
 Cette méthode permet donc de calculer des spectres d’absorption avec une bonne 
précision (dépendant bien sûr de la fonctionnelle utilisée pour un système donné) et dans un 
temps de calcul bien inférieur à celui de la plupart des méthodes post-Hartree-Fock. Elle sera 
l’une des principales méthodes utilisée dans cette thèse. 
 
 
                                                
1 P. Hohenberg, W. Kohn, Phys. Rev. 1964, 136, 864-871. 
2 W. Kohn, L. J. Sham, Phys. Rev. 1965, 140, 1133-1138. 
3 A. D. Becke J. Chem. Phys. 1993, 98, 5648-5652. 
4 T. Yanai, D. P. Tew, N. C. Handy, Chem. Phys. Lett. 2004, 393, 51-57. 
5 E. Runge, E. K. U. Gross, Phys. Rev. Lett. 1984, 52, 997-1000. 
6 a) M.E. Casida, in: D.P. Chong (Ed.), Recent Advances In Density Functional Methods 
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Chem. 2012, 63, 287-233 
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Introduction : article 1 
 
 Dans ce premier article, les propriétés d’absorption à un et deux photons de deux 
dérivés carbo-benzéniques quadrupolaires (Schéma 1), synthétisés dans l’équipe, ont été 
étudiées théoriquement et expérimentalement (au LCC ainsi que dans l’équipe du Professeur 
José-Luis Maldonado-Rivera au CIO (Centro de Investigaciones en Óptica A.C. (Optical 
Research Center), León, Mexique).  
 
 
Schéma 1. Structure des deux dérivés carbo-benzéniques étudiés (n = 0 ou 1). 
 
 Ces chromophores, riches en électrons participant à un système π-conjugué, ont été 
synthétisés dans le but d’obtenir des molécules avec de fortes sections efficaces d’ADP 
(σADP). En effet il a été montré, que des systèmes de type D-π-A-π-D, pouvaient conduire à de 
fortes réponses en optique non-linéaire du troisième ordre.7 Ici les groupements fluorényles 
jouent le rôle de donneurs (D) et les groupements phényles d’accepteurs (A). Les 
groupements fluorényles ont aussi été introduits pour leur caractère fluorophore, car l’une des 
techniques les plus simples pour mesurer l’efficacité en absorption à deux photons est la 
TPEF16 (Two-Photon Excited Fluorescence). Cette méthode consiste à focaliser un faisceau 
laser sur un échantillon (à une longueur d’onde telle que le matériau est transparent vis-à-vis 
de l’absorption à un photon) et à en observer la fluorescence émise (Schéma 2). Toutefois, 
aucune fluorescence n’a été observée pour ces deux chromophores. C’est donc la technique Z-
scan17 qui a dû être utilisée pour déterminer les sections efficaces d’absorption à deux photons 
des ces dérivés carbo-benzéniques. 
)n (( )n
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Dans le cadre du Laboratoire International Associé (LIA) France-Mexique, coordonné 
par le Dr. Pascal Lacroix, et d’une collaboration de notre équipe avec le groupe GPOM 
(Group of Optical Properties of Materials) du CIO, les valeurs de σADP de ces molécules ont 
pu y être mesurées grâce à la technique Z-scan. J’ai moi-même eu l’opportunité de participer 
à ces mesures lors de mon séjour d’un mois dans le groupe GPOM à León en août-septembre 
2014. J’ai pu ainsi apprécier le contexte expérimental et ses difficultés et confronter en direct 
les observations expérimentales avec les valeurs calculées.  
 
 
Schéma 2. Principe de l’ADP (à droite) et photo illustrant le confinement de l’excitation à deux photons au 
contraire de celle de l’excitation à un photon (à gauche).  
   
 La mesure de σADP avec la technique Z-scan s’effectue en plaçant l’échantillon dans 
une cuve placée sur un banc mobile suivant la direction z, qui est aussi la direction du 
faisceau laser focalisé au point z = 0 (voir Schéma 3). La mesure de la transmittance au cours 
du déplacement de l’échantillon le long de l’axe z permet d’obtenir la valeur de σADP.17b Ces 
mesures sont délicates et nécessitent une longue période de calibration et l’obtention d’un 
faisceau laser stable dans le temps. 
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Schéma 3. Schéma simplifié du montage Z-scan (en haut), transmittance aux abords de la position z = 0 (en 
bas). 
 
 Parallèlement aux mesures expérimentales, des calculs théoriques ont été effectués sur 
ces molécules pour déterminer σADP. La méthode « Sum-Over-States » (SOS)24 a été utilisée 
au niveau TD-CAM-B3LYP/6-31G** (voir section « computational details » de l’article pour 
le détail des équations). Dans cette méthode, l’absorption à deux photons peut être vue 
comme deux excitations distinctes, la première entre l’état fondamental et un état 
intermédiaire (accessible à un photon) et la seconde entre l’état intermédiaire et l’état final 
(accessible à deux photons). Pour chaque état accessible à deux photons, tous les états 
intermédiaires a priori possibles sont pris en compte dans la sommation. Il est possible de 
regarder la contribution de chaque état intermédiaire à σADP. Pour les systèmes centro-
symétriques, souvent, un des états intermédiaires domine largement la sommation, il est donc 
possible dans ces cas là d’utiliser le modèle à trois niveaux (MTN)1c,10,25 pour analyser ce 
phénomène d’absorption à deux photons (voir Schéma 4).  
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Schéma 4. Illustration du modèle à trois niveaux pour le calcul et l’analyse de σADP dans le cas d’une molécule 
de symétrie Ci. μ0i et μif correspondent respectivement aux moments dipolaires de transition entre l’état 
fondamental et l’état intermédiaire et entre l’état intermédiaire et l’état final. 
 
 Selon l’équation du modèle à trois niveaux (Schéma 4), deux critères déterminent 
l’efficacité de l’ADP, les énergies relatives des deux états excités mis en jeu, et les deux 
moments dipolaires de transition. Une analyse de ces deux facteurs a été apportée pour 
l’interprétation des sections efficaces d’absorption à deux photons. 
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Article 1 
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Z-scan measurement of two-photon absorption: σ2PA =
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  &Chromophores
Difluorenyl carbo-Benzenes: Synthesis, Electronic Structure, and
Two-Photon Absorption Properties of Hydrocarbon Quadrupolar
Chromophores
Iaroslav Baglai ,[a, b, c] Manuel de Anda-Villa,[d] Rodrigo M. Barba-Barba,[d]
Corentin Poidevin,[a, b] Gabriel Ramos-Ortz,*[d] Valrie Maraval ,*[a, b] Christine Lepetit ,[a, b]
Nathalie Saffon-Merceron,[b] Jos-Luis Maldonado,[d] and Remi Chauvin*[a, b]
Abstract: The synthesis, crystal and electronic structures,
and one- and two-photon absorption properties of two
quadrupolar fluorenyl-substituted tetraphenyl carbo-ben-
zenes are described. These all-hydrocarbon chromophores,
differing in the nature of the linkers between the fluorenyl
substituents and the carbo-benzene core (CC bonds for 3a,
CCCC expanders for 3b), exhibit quasi–superimposable
one-photon absorption (1PA) spectra but different two-
photon absorption (2PA) cross-sections s2PA. Z-scan measure-
ments (under NIR femtosecond excitation) indeed showed
that the CC expansion results in an approximately twofold
increase in the s2PA value, from 336 to 656 GM (1 GM=
1050 cm4smolecule1photon1) at l=800 nm. The first ex-
cited states of Au and Ag symmetry accounting for 1PA and
2PA, respectively, were calculated at the TDDFT level of
theory and used for sum-over-state estimations of s2PA(li), in
which li=2hc/Ei, h is Planck’s constant, c is the speed of
light, and Ei is the energy of the 2PA-allowed transition. The
calculated s2PA values of 227 GM at 687 nm for 3a and
349 GM at 708 nm for 3b are in agreement with the Z-scan
results.
Introduction
Among the development prospects envisaged for highly con-
jugated p-electron-rich compounds, nonlinear optical (NLO)
properties are associated with the corresponding abundance
of low-lying electronic excited states of versatile nature that
can be selectively targeted by suitable laser wavelengths. In
particular, the design of chromophores with the third-order
NLO property of two-photon absorption (2PA)[1] has recently
aroused intense activity because of the wide range of applica-
tions that can be foreseen, such as microfabrication,[2] optical
limitation,[3] three-dimensional data storage,[4] photodynamic
therapy,[5] and two-photon fluorescence microscopy.[6] In the
last few years, qualitative structure–property relationships have
been proposed for the design of novel organic dyes for 2PA.
For example, quadrupolar chromophores based on a D–p–D or
a D–p–A–p–D pattern, in which p denotes a p-conjugated
core bridging donor (D) or acceptor (A) subunits, have been
shown to be generally more efficient than their counterparts
based on an A–p–A or A–p–D–p–A pattern.[7] The nature of
both the A and D substituents and the p connectors plays sys-
tematic and complementary roles. In a specific chromophore
series, an increase in the extent of p conjugation was reported
to strongly enhance the 2PA cross-section (s2PA).
[8] Likewise, op-
timization of the p-orbital overlap with and within the p con-
nectors, for example, by means of cyclic structures and p2 CC
units of enhanced rigidity (lowering the effective degrees of
conformational freedom, in particular in thienylene–acetylene–
ethylene macrocycles), was also reported to enhance the 2PA
efficiency.[9] These structural parameters are naturally interde-
pendent, but can a priori guide the design of new targets.[10] In
this spirit, p-macrocyclic dyes based on porphyrin cores have
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been widely studied as 2PA candidates.[11] An alternative to the
Hckel-aromatic 18-p-electron C16N2 circuits of the square-
shaped heteropentacyclic porphyrins is the 18-pz-electron C18
circuit of the hexagon-shaped all-carbon macrocyclic carbo-
benzenes.[12] Beyond the topological analogy, porphyrins and
carbo-benzenes were shown to exhibit a strong analogy after
Gouterman’s four-orbital model for their one-photon absorp-
tion (1PA) spectra.[12d,13]
In the recent years, efforts in carbo-mer chemistry have fo-
cused on the synthesis of quadrupolar para-disubstituted
carbo-benzenic chromophores.[12d,14] Previous experimental and
theoretical studies on the p-dianisyl carbo-benzene 1,[12d] that
is, the central-ring carbo-mer of the p-terphenyl fluorophore 2
(Figure 1), suggested 1 as a promising 2PA candidate.[15] Unlike
2, however, 1 is not fluorescent, and this prevents 2PA cross-
section measurements by the two-photon excitation fluores-
cence method.[16] Moreover, the poor solubility of 1 prevented
the determination of s2PA by the alternative Z-scan method,
which requires the use of highly concentrated (102m) solu-
tions of the chromophore.[17] Quadrupolar carbo-benzenes sub-
stituted by solubilizing hydrocarbon fluorophoric motifs were
thus suggested as alternative targets.
In this regard, alkyl-substituted fluorenyl groups have been
widely used as weak donor substituents in D–(p–A)–p–D sys-
tems, because of their intrinsic physicochemical properties
such as high fluorescence quantum yield and pronounced op-
tical nonlinearities.[18] p-Difluorenyl carbo-benzenes were thus
envisaged. The proposed targets 3a and 3b (Scheme 1) differ
in their extent of conjugation: the fluorenyl groups are con-
nected to the carbo-benzene core by CC single bonds in 3a
and CCCC expanders in 3b. In this work, the synthesis,
spectroscopic and structural characteristics, and 2PA optical
properties of these chromophores are addressed by experi-
mental and theoretical investigations.
Results and Discussion
Synthesis of carbo-chromophores 3a and 3b
The synthesis of 3a and 3b started from common [6]peri-
cyclynedione precursor 4, the synthesis of which had been op-
timized.[19] With a view to enhancing the solubility of the tar-
geted carbo-chromophores, C9-dialkylated fluorenyl substitu-
ents were envisaged, starting from 2-bromofluorene.[20] The lip-
ophilic fluorenyl groups were anchored to the C18 macrocycle
either directly by using 5a or through an ethyndiyl linker by
means of 5b, itself obtained from 5a (see Figure S1 in the Sup-
porting Information).[21] Addition of the lithium salt of 5a and
the bromomagnesium salt of 5b to the [6]pericyclynedione 4
afforded the [6]pericyclynediols 6a and 6b as unresolved mix-
tures of diastereoisomers in 41 and 50% yield, respectively.
Treatment of 6a and 6b with the acidic reducing system
SnCl2/HCl in dichloromethane and then with aqueous NaOH
produced the targeted p-difluorenyl carbo-benzenes 3a and
3b in 59 and 51% yield, respectively (Scheme 1). These carbo-
chromophores were isolated as dark green-gold solids, soluble
in most of the classical organic solvents, giving intense violet
solutions. They were fully characterized by NMR and UV/Vis
spectroscopy (see below), mass
spectrometry, and voltammetry
(see Experimental Section and
Supporting Information). Their
structures were confirmed by X-
ray diffraction analysis of single
crystals deposited from dichloro-
methane (Figure 2, Table 2).
Figure 1. p-Dianisyl carbo-benzene 1 and its parent terphenyl fluorophore 2.
Scheme 1. Synthesis of the p-difluorenyl-conjugated carbo-benzenes 3a and
3b.
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1PA electronic spectra and first excited states of 3a and 3b
Electronic spectra of 3a and 3b in CHCl3 solutions show that
the increase of the extent of conjugation from 3a to 3b does
not affect significantly the UV/Vis absorption properties
(Figure 3). The two chromophores exhibit almost identical
maximum absorption wavelengths of lmax=4931 nm and
similar absorption coefficients (e330000 Lcm1mol1 for 3a,
e380 000 Lcm1mol1 for 3b). This unexpected finding
prompted theoretical analysis of the first excited states (see
below). Weak absorption bands also occur in the NIR region at
882 and 891 nm for 3a and 3b, respectively (see inset in
Figure 3).
In the context of the Laporte selection rules, the geometries
of chromophores 3a and 3b were calculated at the B3PW91/6-
31G** level of theory under centrosymmetry constraint (the Ci
symmetry occurring in the experimental crystal structure:
Figure 2). 1PA spectra of 3a and 3b, calculated at the TDDFT
level of theory in vacuo, exhibit a weak hypsochromic (blue)
shift with respect to the experimental spectra (Figure 4). The
matching between calculated and experimental spectra is im-
proved by taking into account the chloroform solvent through
a continuum of dielectric constant eCHCl3 =4.7113 (PCM
method). Notably, the calculations reproduce the experimental-
ly observed negligible influence of the insertion of two CC
conjugation expanders on the absorption spectra (Figure 3),
and more precisely on the lmax values (ca. 10 nm residual red-
shift for 3b vs. 3a).
Accordingly, the near-frontier p MOs of 3a and 3b are very
similar in both shape and energy (Table S1 in the Supporting
Information), with quasi-degenerate HOMO (H) and HOMO1
(H1) on the one hand, and LUMO (L) and LUMO1 (L1) on
the other. The energy and nature of the first excited states of
3a and 3b are also very similar (Tables S2 and S3 in the Sup-
porting Information). For both the chromophores solvato-
chromism appears to be stronger for the 2Au and 3Au excited
states responsible for the UV/Vis absorption maxima (Support-
ing Information, Table S3).
According to the Laporte rules, only transitions from the
ground state of gerade symmetry Ag to excited states of un-
gerade symmetry Au are 1PA-allowed. In both 3a and 3b, the
first four excited states are thus allowed for 1PA and can be
described by linear combinations of one-electron excitations
from the two highest occupied MOs (H1, H) to the two
lowest unoccupied ones (L, L+1). The 1Au and 4Au excited
states involve the same jH1!L> and jH!L+1> excita-
tions in complementary additive and subtractive manners, cor-
responding respectively to destructive and constructive transi-
tion densities and finally to the related vanishing or enhanced
oscillator strengths. Likewise, the excited states 2Au and 3Au in-
volve the same jH!L> and jH1!L+1> excitations corre-
sponding to destructive and constructive transition densities,
respectively. This picture matches with the Gouterman four-or-
bital model for the interpretation of the absorption spectra of
porphyrins,[13] in which the intense Soret band (B band) corre-
sponds to quasi-degenerate 4Au and 3Au excited states, and
the weaker Q bands correspond to the lower 1Au and 2Au ex-
cited states. In the case of the carbo-benzenic chromophores
3a and 3b, whereas the 1Au and 2Au excited states exhibit
vanishing oscillator strengths (and thus underestimate the
weak pseudo-Q bands experimentally recorded at 550 and
600 nm; see Figure 3), the 3Au and 4Au excited states account
almost perfectly for the maximum absorption bands observed
at 493 nm (Supporting Information, Table S3 and Figure 3).
The scheme of the Gouterman model actually holds for the
interpretation of the maximum UV/Vis absorption band of all
carbo-benzenic chromophores studied to date.[12c] In the pres-
Figure 2. XRD molecular views of the p-difluorenyl carbo-benzenes 3a (top)
and 3b (bottom) with thermal ellipsoids drawn at the 50% probability level.
H atoms, disordered atoms, and solvent (3b) are omitted for clarity.
Figure 3. UV/Vis absorption spectra of p-difluorenyl carbo-benzenes 3a and
3b (in CHCl3).
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ent case, since the p-conjugation extent of 3b is larger than
that of 3a, the maximum absorption wavelength and the cor-
responding calculated oscillator strengths are slightly higher
for the former, as observed experimentally for the correspond-
ing lmax and e values (Figures 3 and 4, Table S2 of the Support-
ing Information). The increase in oscillator strength from 3a to
3b can be correlated with an increase of the overall p-conju-
gation efficiency due to steric relaxation between the substitu-
ents on insertion of the CC units: the dihedral angles be-
tween the phenyl substituents and the carbo-benzene core are
indeed smaller in 3b (ca. 128) than in 3a (ca. 228).
The very small experimental shift in lmax between 3a and
3b (ca. 2 nm; Figure 3) is in agreement with the weak corre-
sponding calculated value (12 nm in vacuo, 16 nm in CHCl3, on
average for the 3Au and 4Au states; Supporting Information, Ta-
bles S2 and S3), and is accounted for by excitations involved in
the corresponding excited states, confined in the common C18
carbo-benzenic core (the C2 units of 3b make no contribution
to H1 and L+1, and only secondary contributions to H and
L; Supporting Information, Table S1). Residual discrepancies be-
tween calculated and experimental spectra (regarding the in-
tensity of the pseudo-Q bands in particular), might be tenta-
tively attributed to vibronic couplings, which were not taken
into account in the present calculations.
Finally, the fluorenyl-substituted carbo-benzenes 3a and 3b
were found to exhibit very weak fluorescence at about 650 nm
on excitation at 532 nm (Supporting Information, Figure S2).[22]
Z-scan measurements of the 2PA of 3a and 3b
Because of their very poor fluorescence,[22] the 2PA cross-sec-
tions of carbo-chromophores 3a and 3b were measured by
the Z-scan technique. The Z-scan method indeed allows con-
venient investigations of third-order NLO properties,[17b] not
only nonlinear refraction (self-focusing or self-defocusing phe-
nomena), but also nonlinear absorption of materials. The
method consists of monitoring the transmittance of the NLO-
active sample scanned in the vicinity (Z position) of the focus
point of a focused laser beam. In the study of nonlinear ab-
sorption properties of 3a and 3b in solution, Z-scan measure-
ments were performed with a train of femtosecond laser
pulses at a wavelength of 800 nm and extended to different
wavelengths in the case of 3b, which reached the largest
values of the 2PA cross-section s2PA (see below).
Figure 5a shows the open-aperture Z-scan curves for 3a and
3b in chloroform at a concentration of 102m and a laser peak
intensity at the focal region of 25 GWcm2. Clearly, the nonlin-
ear absorption is more intense in 3b than in 3a. Owing to the
type of excitation (femtosecond pulses far from the linear ab-
sorption band, see Figure 3), the recorded nonlinear absorp-
tions may originate from a 2PA process. By fitting data to
Equation (5) given in the Experimental Section, it was found
that the nonlinear absorption coefficients b at 800 nm are
about 0.082 and 0.161 cmGW1, resulting in s2PA values of 336
and 656 GM for 3a and 3b, respectively. This twofold increase
in the s2PA value from 3a to 3b is explained by the more ex-
tended p conjugation in 3b due to the CC expansion. Al-
though these values are smaller than those measured for por-
phyrin arrays, they are similar to those found for other quadru-
polar structures such as stilbene, fluorene, and dihydrophenan-
threne derivatives, for which the s2PA value remains in the
range 102–103 GM.[1b]
The Z-scan experiments on 3b were extended to other
wavelengths. By pumping the sample with the beam of an op-
tical parametric amplifier it was possible to evaluate nonlineari-
ties and to determine s2PA values of this compound in the
wavelength range 650–900 nm. Figure 5b shows that the non-
linearities tend to increase at shorter wavelengths. For in-
stance, the value of s2PA is artificially enhanced at 650 nm by
a resonant effect of the nonlinear absorption, since at this
wavelength 3b exhibits an absorption tail (see Figure 3).
To further corroborate the two-photon excitation of 3b,
femtosecond transient absorption (TA) experiments were per-
formed in a pump–probe configuration.[23] The TA was ob-
Figure 4. Experimental absorption spectra of 3a (top) and 3b (bottom) in
CHCl3 solution (solid line) and calculated counterparts. Level of calculation:
TD-CAM-B3LYP/6-31G** in vacuo (dashed line) or PCM-TD-CAM-B3LYP/6-
31G** in the CHCl3 continuum (dash-dotted line).
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tained for two different pump energies, the first one at 800 nm
inducing nonlinear absorption (Figure 5), and the second one
at 400 nm corresponding to one-photon excitation energies
(Figure 3). In both cases, the dynamics of the produced excited
states were monitored through the TA of the sample by set-
ting the probe beam at 735 nm. The decay of the TA signals
for the two pump energies fitted satisfactorily with biexponen-
tial expressions (Figure 6). From these results, the excited
states produced by one-photon excitation (400 nm) exhibit
a fast decay of 769 fs followed by a slow decay of 17 ps, and
those produced by two-photon excitation (800 nm) exhibit
a much faster decay of 170 fs followed by a slow decay of
14.8 ps. On excitation at 800 nm, a coherent interaction be-
tween the pump and probe beams is clearly evidenced by the
spike at the beginning of the TA signal. This is due to a nonde-
generate 2PA process in which the molecule is excited by si-
multaneous absorption of one photon at 800 nm and one
photon at 735 nm. As expected, such coherent interaction
does not occur on excitation at 400 nm. This validates the as-
sumption that the nonlinear absorption by fluorophore-substi-
tuted carbo-benzene 3b (see Figure 5b) is due to 2PA when
femtosecond excitation in the wavelength range 650–900 nm
is utilized. In contrast, an increase in normalized transmittance
was observed in the open-aperture Z-scan traces as the femto-
second excitation was tuned to shorter wavelengths at which
3a and 3b exhibit strong linear (one-photon) absorption. For
instance, at 532 nm the samples showed saturable absorption
even at very low peak intensities in dilute solutions. In this
case, the effect can be due to depletion of the ground state,
since the use of femtosecond pulses implies high photon den-
sity. In fact, depending on the laser-pulse duration, contribu-
tions corresponding to different physical mechanisms can be
part of the nonlinear absorption. The chromophore 3b was
therefore tested in a Z-scan experiment at 532 nm, but now
with subnanosecond pulses (5 Hz repetition rate) with tempo-
ral duration comparable with the lifetime of excited states so
that other nonlinear process, such as reverse saturable absorp-
tion due to absorption of excited states, can occur. Neverthe-
less, using laser pulses of 0.3 ns resulted again in saturable ab-
sorption (see Figure S3 in the SI showing the open-aperture Z-
scan curves for 3b in chloroform for solutions of linear trans-
mittance within the range 30-60%). In this case nonlinear ab-
sorption coefficients b in the range (0.365–1.14) cmGW1
were found.
Theoretical studies on the 2PA efficiency of the carbo-chro-
mophores 3a and 3b
For centrosymmetric chromophores 3a and 3b, which have
a ground state of Ag symmetry, only the excited states of the
same parity, namely, Ag excited states, are 2PA-allowed (re-
versed Laporte rules for 1PA). The corresponding 2PA cross-
sections were therefore calculated by using the sum-over-state
(SOS) approach implemented in the DALTON2011 package
[Eqs. (1)–(3) in the Experimental Section].[24] Excited states were
calculated at the same TD-CAM-B3LYP/6-31G** level of theory
as used for 1PA studies (see above). To match the experimental
window of the Z-scan 2PA measurements, the calculations
were restricted to the first four excited states of Ag symmetry.
Results are summarized in Table 1. In both cases, the maximum
Figure 5. a) Normalized transmittance T(Z) of 3a and 3b from open-aperture
Z-scan experiments (femtosecond excitation, l=800 nm) at a peak intensity
of Ip=25 GWcm
2. Continuous lines correspond to theoretical fits of experi-
mental data. b) 2PA cross-section of 3b as a function of wavelength. The sol-
utions used were 102m in CHCl3.
Figure 6. Transient absorption of 3b for one-photon and two-photon excita-
tion. The excited states were monitored with an energy corresponding to
735 nm of the probe beam. The biexponential fitting to experimental data is
shown. The solution used was 102m in CHCl3. See details in Experimental
Section.
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2PA cross-section corresponds to the 4Ag excited state and is
found to occur for a photon wavelength of 687 nm for 3a and
708 nm for 3b, in agreement with experiment for 3b (ca
790 GM at 750 nm, see Figure 5a). The chromophore 3b is ac-
cordingly predicted to be more efficient than 3a, but the cal-
culated relative cross-section (sSOS2PA(3b)/s
SOS
2PA(3a)=1.53) is lower
than the experimental value measured at 800 nm sEXP2PA(3b)/
sEXP2PA(3a)=1.93).
The s3L2PAcontributions of each intermediate excited state of
Au symmetry to the 2PA cross-section s
SOS
2PA related to the 4Ag
excited state were estimated by using the approximation of
Equation (4) and the transition dipole moments and excited
states energies, calculated at the TD-CAM-B3LYP/6-31G** of
theory level with DALTON2011 (Supporting Information, Ta-
bles S4 and S5). For both 3a and b, the major contribution
arises from the 2Au excited state, which was expected to domi-
nate the 2PA response because of its proximity to half the
energy of the 4Ag excited state, that is, DE close to zero in
Equation (4). Like many organic counterparts, the carbo-chro-
mophores 3a and 3b thus fit into the three-level model (Fig-
ure 7).[1c,10,25] Indeed, for both of them, the contribution of the
2Au excited state to the 2PA cross-section amounts to about
81% (184 versus 227 GM for 3a and 285 versus 349 GM for
3b). The relevance of Equation (4) also allows further analysis
of the origin of the exaltation of the 2PA efficiency by insertion
of C2 units between the carbo-benzenic core and the fluorenyl
extremities of 3a in 3b (Figure 7). The DE value of 3a (0.12 eV)
is very close to but slightly smaller than that of 3b (0.13 eV),
and is thus assumed to modify the 2PA cross-section of 3a as
compared to 3b by a factor of 0.85. The transition dipole mo-
ments of the two intermediate 1PA transitions of 3b (3.49 and
2.36 a.u.) are higher than those of 3a (3.40 and 1.70 a.u.). The
corresponding enhancement factor expected from Equation (4)
(see Experimental Section) is therefore estimated to be 2.11.
The overall 2PA probability enhancement factor of 0.85
2.03=1.73 thus originates mainly from the difference in the
transition dipole moments resulting from insertion of the CC
units (Figure 7), which increases the p-conjugation extent in
the chromophore 3b.
Conclusion
The above-described chromophores 3a and 3b, differing by
the presence or not of C2 expanders between the carbo-ben-
zene core and the fluorenyl groups, extend the scope of quad-
rupolar carbo-benzenes for linear and nonlinear optical proper-
ties in both the all-hydrocarbon series and the fluorophore-
substituted series. Quenching of the intrinsic fluorophoric char-
acter of substituents of the carbo-benzene core has now fur-
Table 1. Calculated 2PA cross-sections of 3a and 3b at the TD-CAM-
B3LYP/6-31G** level of theory.
Chromophore Excited
state
Energy [eV] Photon wavelength [n-
m][a]
sSOS2PA [GM]
3a
2Ag 3.18 780 28
3Ag 3.40 729 1
4Ag 3.61 687 228
5Ag 3.76 659 35
3b
2Ag 3.01 824 51
3Ag 3.33 745 12
4Ag 3.50 708 349
5Ag 3.66 678 49
[a] Wavelength corresponding to half the energy of the excited state.
Table 2. Crystallographic data for 3a and 3b.
3a 3b
formula C92H86 C96H86·0.25CH2Cl2
Mr 1191.61 1260.88
crystal system monoclinic tetragonal
space group P21/n P42/n
a [] 8.6508(3) 26.535(2)
b [] 23.1726(7) 26.535(2)
c [] 17.3511(6) 11.1134(9)
a [8] 90 90
b [8] 92.018(2) 90
g [8] 90 90
V [3] 3476.1(2) 7824.7(10)
Z 2 4
reflns collected 53164 95276
independent reflns 8580
[R(int)=0.0509]
7932
[R(int)=0.2477]
1calcd [gcm
3] 1.138 1.070
m(MoKa) [mm
1] 0.064 0.077
crystal size [mm] 0.500.500.50 0.300.040.02
GOF on F2 1.021 0.977
R [I>2s(I)] 0.0534 0.0745
wR2 (all data) 0.1502 0.2597
largest difference peak/
hole [e3]
0.315/0.297 0.205/0.246
Figure 7. Three essential states accounting for 80% of the 2PA efficiency of
3a (left) and 3b (right). Transition dipole moments, energies, and 2PA cross-
sections sSOS2PA [GM] calculated at the TD-CAM-B3LYP/6-31G** level of theory.
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ther been illustrated in the fluorenyl series. The low absolute
value of the first reduction potential of 3a (E1=2=0.75 V vs.
SCE) and 3b (E1=2=0.61 V vs. SCE, see Experimental Section
and Supporting Information) suggests that the carbo-benzene
core, although highly electron rich, could play the role of an
acceptor, just like fullerenes do (e.g. , C60 : E

1=2=0.41 V vs.
SCE).[26] As previously evidenced for structurally related fluoren-
yl-substituted benzothiadiazole[27] and porphyrin[28] chromo-
phores, expansion of the links between the central accepting
core and the fluorenyl donating units of 3a by C2 units in 3b
results in a significant (ca. twofold) enhancement of the 2PA ef-
ficiency. This was shown by Z-scan measurements of the s2PA
cross-section (femtosecond excitation at l=800 nm). The oc-
currence of 2PA excitation was experimentally corroborated by
femtosecond TA experiments, and further confirmed by TDDFT
calculations of the corresponding excited states and of the
third-order NLO response, which was analyzed in the frame-
work of the three-level model by using the SOS formalism. At
shorter wavelengths, the observed increase in nonlinearity of
3b was shown to mainly result from the resonant effect.
These results encourage further investigations of the scope
of carbo-meric structures in the design of organic NLO materi-
als. In particular, the specific quadrupolar all-hydrocarbon
nature of 3a and 3b deserves to be delineated with respect to
related octupolar all-hydrocarbon systems.[29] Finally, the influ-
ence of the aromaticity of the central C18 core on the enhance-
ment of the TPA efficiency deserves to be investigated in com-
parison to nonaromatic analogues of 3a and 3b.[30]
Experimental Section
General
THF and diethyl ether were dried and distilled over sodium/benzo-
phenone, and pentane and dichloromethane over P2O5. All other
reagents were used as commercially available. In particular, com-
mercial solutions of nBuLi were 2.5m in hexane, solutions of ethyl-
magnesium bromide were 3m in THF, and solutions of HCl were
2m in diethyl ether. Previously described procedures were used for
the preparation of pericyclynedione 4.[19a] All reactions were carried
out under nitrogen or argon by using Schlenk-tube and vacuum-
line techniques. Column chromatography was carried out on silica
gel (60 P, 70–200 mm). Analytical silica-gel TLC plates (60F254,
0.25 mm) were visualized by treatment with an ethanolic solution
of phosphomolybdic acid (20%). The following analytical instru-
ments were used: 1H and 13C NMR: Bruker Avance 300 or Avance
400 spectrometer; mass spectrometry: Quadrupolar Nermag R10-
10H spectrometer; UV/Vis absorption: PerkinElmer UV/Vis Win-Lab
Lambda 35 spectrometer; Yvon fluorescence: HORIBA Jobin Fluoro-
max-4 spectrofluorometer . The atom numbering Scheme used for
NMR assignments of the fluorenyl 1H and 13C nuclei is given below.
Cylclic and square-wave voltammetric measurements were per-
formed with a Autolab PSSTAT100 potentiostat controlled by GPES
4.09 software at room temperature in dichloromethane (103m in
3a) ; supporting electrolyte: [nBu4N][PF6] (0.1m) ; working electrode:
Pt; reference electrode: SCE (0.242 V vs. the hydrogen electrode);
scan rate: 0.2 Vs1. For reversible processes, half-wave potentials
measured by CV E1/2= (E
red
p +E
ox
p )/2 are given in volts versus SCE.
For irreversible processes, Ep values measured by CV are also given
in volts versus SCE.
Synthesis
1,10-Bis(9,9-dihexyl-9H-fluoren-2-yl)-4,7,13,16-tetramethoxy-
4,7,13,16-tetraphenylcyclooctadeca-2,5,8,11,14,17-hexayne-1,10-
diol (6a): nBuLi (96 mL, 0.24 mmol) was added to a solution of 2-
bromo-9,9-dihexyl-9H-fluorene[20] (116 mg, 0.28 mmol) in THF
(15 mL) with stirring at 78 8C. The mixture was stirred for 1 h at
78 8C, when 5a was assumed to be quantitatively generated, and
a solution of [6]pericyclynedione 4 (68 mg, 0.1 mmol) in THF (3 mL)
was added at the same temperature. The mixture was allowed to
warm slowly to 0 8C over 3 h. Then, saturated aqueous NH4Cl was
added. The aqueous layer was extracted with diethyl ether and the
combined organic layers were washed with brine, dried over
MgSO4, and concentrated to dryness under reduced pressure. The
residue was purified by silica-gel chromatography (EtOAc:pentane
1:9) to give 6a as a light yellow solid (55 mg, 41% yield). M.p.
69 8C; Rf (EtOAc:heptane 4:6)=0.53;
1H NMR (CDCl3): d=0.52–1.11
(m, 44H, (CH2)4CH3), 1.96 (m, 8H, C1-Fluo(CH2)2), 3.00–3.30 (m, 2H,
OH), 3.30–3.80 (m, 12H, OCH3), 7.29–7.53 (m, 18H, H Ar), 7.57–8.03
(m, 16H, H Ar); 13C{1H} NMR (CDCl3): d=14.0 (CH2CH3), 22.6, 23.8,
29.7, 31.5 ((CH2)4CH3), 40.3 (CH2-C1-Fluo), 53.4 (OCH3), 55.2 (C1-
Fluo), 65.5 (C-(Fluo)OH), 72.0 (C-(Ph)OMe), 82.8, 84.6, 87.1 (CC),
119.7, 120.0, 120.2, 123.0, 124.8 (C6-, C9-, C10-, C12-, C13-Fluo),
126.5, 126.9, 127.5, 128.6, 129.1 (o-, m-, p-Ph, C7-, C8-Fluo), 139.4,
139.7, 140.3, 142.0 (i-Ph, C3-, C4-, C11-Fluo), 151.1, 151.3 (C2-, C5-
Fluo); MS (MALDI-TOF/DCTB): m/z : 1371.7 [M+Na]+ ; HRMS (MALDI-
TOF/DCTB): m/z calcd for C96H100O6Na [M+Na]
+ : 1371.7418, found:
1371.7491.
1,10-Bis[2-(9,9-dihexyl-9H-fluoren-2-yl)ethynyl]-4,7,13,16-tetra-
methoxy-4,7,13,16-tetraphenylcyclooctadeca-2,5,8,11,14,17-hex-
ayne-1,10-diol (6b): EtMgBr (102 mL, 0.3 mmol) was added to a so-
lution of 2-ethynyl-9,9-dihexyl-9H-fluorene[21] (120 mg, 0.33 mmol)
in THF (10 mL) at 0 8C. The reaction mixture was stirred for 1 h at
0 8C, when 5b was assumed to be quantitatively generated, and
a solution of [6]pericyclynedione 4 (95 mg, 0.14 mmol) in THF
(3 mL) was added at the same temperature. The reaction mixture
was allowed to warm slowly to room temperature and was stirred
overnight before hydrolysis with saturated aqueous NH4Cl. The
aqueous layer was extracted with diethyl ether and the combined
organic layers were washed with brine, dried over MgSO4, and con-
centrated to dryness under reduced pressure. The residue was pu-
rified by silica gel chromatography (EtOAc:pentane 1:9) to give 6b
as a light yellow solid (98 mg, 50% yield). M.p. 64 8C; Rf (EtOAc:
heptane 2:8)=0.21; 1H NMR (CDCl3): d=0.58–1.13 (m, 44H,
(CH2)4CH3), 1.98 (m, 8H, C1-Fluo-CH2), 3.01–3.29 (m, 2H, OH), 3.38–
3.78 (m, 12H, OCH3), 7.31–7.58 (m, 22H, H Ar), 7.60–7.93 (m, 12H,
H Ar). 13C{1H} NMR (CDCl3) d 14.0 (CH3), 22.6, 23.7, 29.7, 31.5, 40.4,
(CH2), 53.6 (OCH3), 54.9 (C-(Fluo)OH), 55.2 (C1-Fluo), 71.8 (C-
(Ph)OMe), 80.5, 80.6, 80.7, 84.5, 84.9, 85.1, 85.2 (CC), 119.1 (C11-
Fluo), 119.6, 120.2, 122.9 (C6-, C9-, C13-Fluo), 126.5, 126.6, 126.9,
127.8, 128.6, 129.1, 131.1 (C7-, C8-, C10-, C12-Fluo, o-, m-, p-Ph),
139.3, 140.1, 142.5 (C3-, C4-Fluo, i-Ph), 150.8, 151.1 (C2-, C5-Fluo);
HRMS (MALDI-TOF/DCTB): m/z calcd for C100H100O6Na [M+Na]
+ :
1419.7418, found: 1419.7356.
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2-[10-(9,9-Dihexyl-9H-fluoren-2-yl)-4,7,13,16-tetraphenylcyclo-
octadeca-1,2,3,7,8,14,15-nonaen-5,11,17-triyn-1-yl]-9,9-dihexyl-
9H-fluorene (3a): SnCl2 (85 mg, 0.4 mmol) and HCl/Et2O (0.4 mL,
0.8 mmol) were successively added to a solution of diol 6a (53 mg,
0.04 mmol) in dry dichloromethane (12 mL) at 78 8C. The temper-
ature of the mixture was allowed to slowly increase to 20 8C over
3 h. Then 1m aqueous NaOH (0.9 mL, 0.9 mmol) was added. The
aqueous layer was extracted with dichloromethane and the com-
bined organic layers were washed with brine, dried over MgSO4
and concentrated to dryness under reduced pressure. The residue
was purified by silica-gel chromatography (EtOAc:pentane 5:95) to
give 3a as a dark solid (28 mg, 59% yield). M.p. >300 8C; Rf (EtOA-
c:heptane 5:96)=0.26; 1H NMR (CDCl3): d=0.71 (br s, 12H, CH3),
0.91–1.28 (m, 32H, ((CH2)4CH3) 2.34–2.47 (m, 4H, (CH2-C1-Fluo)
2.47–2.60 (m, 4H, CH2-C1-Fluo), 7.45–7.62 (m, 6H, H6-, H7-, H8-
Fluo), 7.79 (t, J=6.75 Hz, 4H, p-Ph), 7.96–8.12 (m, 10H, m-Ph, H9-
Fluo), 8.33 (d, J=8.20 Hz, 2H, H13-Fluo), 9.47–9.63 (m, 12H, o-Ph,
H10-, H12-Fluo). 13C{1H} NMR (CDCl3): d=13.95 (CH3), 22.58, 24.07,
29.94, 31.58 ((CH2)4), 40.97 ((CH2)-C1-Fluo), 55.72 (C1-Fluo), 104.03
(C-Ph), 105.89 (C-Fluo) 117.88, 117.92, 118.87 (C=C=C=C, CCC
C), 120.56, 121.11, 123.25, 124.54, 125.93, 127.23, 127.99 (C6-, C7-,
C8-, C9-, C10-, C12-, C13-Fluo), 129.40 (p-Ph), 129.92 (o-Ph), 130.53
(m-Ph), 139.34, 140.49, 140.61, 142.98 (i-Ph, C3-, C4-, C11-Fluo),
151.66, 152.58 (C2-, C5-Fluo); MS (MALDI-TOF/DCTB): m/z 1191.8
[M+H]+ ; HRMS (MALDI-TOF/DCTB): m/z calcd for C92H86 [M]
+ :
1190.6730; found: 1190.6730; UV/Vis (CHCl3): lmax=494 nm
(e332000 Lmol1 cm1) ; voltammetry: reduction: 0.75 (rev.),
1.14 (rev.), 1.62 (irrev.) ; oxidation: 1.08 (rev), 1.39 (irrev.), 1.84
(irrev.), 1.98 (irrev.).
2-[10-(9,9-Dihexyl-9H-fluoren-2-yl)ethynyl-4,7,13,16-tetraphenyl-
cyclooctadeca-1,2,3,7,8,14,15-nonaen-5,11,17-triyn-1-yl]-9,9-di-
hexyl-9H-fluorene (3b): SnCl2 (70 mg, 0.36 mmol) and HCl/Et2O
(0.36 mL, 0.72 mmol) were successively added to a solution of 6b
(50 mg, 0.036 mmol) in dry dichloromethane (12 mL) with stirring
at 78 8C. The temperature was slowly increased up to 0 8C over
3 h. Then 1m aqueous NaOH (0.8 mL, 0.8 mmol) was added. The
aqueous layer was extracted with dichloromethane and the com-
bined organic layers were washed with brine, dried over MgSO4,
and concentrated under reduced pressure. The residue was puri-
fied by silica-gel chromatography (dichloromethane:pentane 1:9)
to give 3b as a dark solid (23 mg, 51% yield). Mp >300 8C; Rf (di-
chloromethane:pentane 2:8)=0.24; 1H NMR (400 MHz, CD2Cl2): d=
0.75–1.28 (m, 44H, (CH2)4CH3), 2.15–2.38 (m, 8H, CH2-Fluo), 7.44–
7.58 (m, 6H, Fluo), 7.80 (t, J=7.3 Hz, 4H, p-Ph), 7.91–7.95 (m, 2H,
Fluo), 8.04 (m, 10H, m-Ph, Fluo), 8.17 (m, 4H, H9, H13-Fluo), 9.53
(d, J=7.3 Hz, 8H, o-Ph). 13C{1H} NMR (101 MHz, CD2Cl2): d=13.8
(CH3), 40.5, 31.6, 29.7, 24.0, 22.6 ((CH2)5), 55.5 (>C-Hex2), 91.1, 84.7
(Fluo-CC-), 100.5 (CCC-Fluo), 104.9 (C-Ph), 123.1, 121.0, 120.4,
120.1, 118.7, 113.8 (C6-, C9-, C13-, C11-Fluo, C=C=C=C, CCCC),
131.4, 130.1, 130.0, 129.9, 128.1, 127.1, 126.7 (C7-, C8-, C10-, C12-
Fluo, o-, m-, p-Ph), 143.0, 140.3, 139.0 (C3-, C4-Fluo, i-Ph), 151.4,
151.3 (C2-, C5-Fluo); MS (MALDI-TOF/DCTB): m/z 1238.7 [M]+ ;
HRMS (MALDI-TOF/DCTB): m/z calcd for C96H86 [M]
+ : 1238.6730;
found: 1238.6772; UV/Vis (CHCl3): lmax=492 nm
(e381900 Lmol1 cm1) ; voltammetry: reduction: 0.61 (rev.),
0.99 (rev), 1.57 (irrev.), 1.94 (irrev.) ; oxidation: 1.17 (irrev.), 1.46
(irrev.), 1.75 (irrev.), 1.89 (irrev.).
Crystallographic data collection and structure determination
for 3a and 3b
The data were collected at low temperature (193 K) on a Bruker-
AXS APEX II QUAZAR diffractometer equipped with a 30W air-
cooled microfocus source, by using MoKa radiation (l=0.71073 ).
Phi and omega scans were used. The data were integrated with
SAINT,[31] and an empirical absorption correction with SADABS was
applied.[32] The structures were solved by direct methods (SHELXS-
97)[33] and refined by the least-squares method on F2 (SHELXL-
97).[33] All non-H atoms were refined with anisotropic displacement
parameters. The H atoms were refined isotropically at calculated
positions using a riding model.
CCDC 1047701 (3a) and 1047702 (3b) contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.
Computational details
Geometries of the ground states were fully optimized at the
B3PW91/6-31G** level of theory by using Gaussian 09.[34] Vibration-
al analysis was performed at the same level of theory as the geom-
etry optimization. Vertical excitation energies were subsequently
calculated at the TD-CAM-B3LYP/6-31G** level of theory by using
Gaussian 09.[34] Solvent effects were included by using the polariza-
ble continuum model (PCM) implemented in Gaussian 09 for
chloroform (e=4.7113).[34] Molecular orbitals were plotted with GA-
BEDIT.[35]
Two-photon absorption cross-sections sSOS2PA were calculated using
DALTON2011 (“.TWO-PHOTON” keyword within quadratic re-
sponse),[36] from the SOS scheme by computing the 2PA transition
matrix elements Smn between the ground state j0i and the final
state j fi according to Equation (1):[24]
Smn ¼
X
i
0 mmj jih i i mnj jfh i
ðwi  wÞ þ
0 mnj jih i i mmj jfh i
ðwi  wÞ
 
ð1Þ
in which w is the fundamental frequency of the laser beam which
is equal to the half of the excitation energy to the final state wf/2.
For a given final excited state j fi, the summation runs over all in-
termediate states j ii of energy wi. The 2PA probability d2PA for
a given molecular structure in the gas or liquid phase can be ob-
tained by orientational averaging [Eq. (2)]:
dSOS2PA ¼ A
X
mn
SmmSnn þ B
X
mn
SmnSmn ð2Þ
The coefficients A and B depend on the polarization of the light:
A=2, B=4 for linearly polarized light and A=2, B=6 for circu-
larly polarized light. For direct comparison with experimental
values, the 2PA probability can then be converted into a cross-sec-
tion in GM (cm4sphoton2) by using Equation (3):
sSOS2PA ¼ 8p3a40t0a2w2dSOS2PA ð3Þ
in which a is the fine-structure constant, a0 the Bohr radius (in cm/
a.u.), t0 the atomic unit of time (in s/a.u.), and w the photon energy
(in a.u.), that is, w=wf/2.
In many cases, centrosymmetric organic molecules fit into the
three-level model.[1c, 10, 25] The 2PA probability can therefore be ap-
proximated to the truncation of the summation of Equation (1) to
a single intermediate excited state, and involving the transition
dipole moments of the two related successive 1PA processes and
the energy difference between the intermediate state and a virtual
state lying halfway to the 2PA state, referred to as DE [Eq. (4)]:
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d3L2PA ¼
0 mj jih i2 i mj jfh i2
wi  wf2
 2 ¼ m
2
0im
2
if
DE2
ð4Þ
in which DE=wiwf/2. The transition dipole moments m0i and mif
involved in Equation (4) were calculated with DALTON2011 by
using the “.DOUBLE RESIDUE” and “.DIPLEN’’ keywords. The 2PA
probability is then converted to the cross-section s3L2PA (in GM units)
through Equation (3).
Optical experiments
A standard Z-scan setup was utilized. Briefly, a femtosecond Ti:sap-
phire regenerative amplifier (Libra, Coherent Inc.) delivered pulses
of 80 fs (1 kHz repetition rate) at 800 nm. These laser pulses were
focused into a beam-waist radius of 20 mm. For Z-scan curves, the
samples were poured into a 1 mm-thick quartz cell. To avoid
sample degradation, the peak intensity of the light was kept below
100 GWcm2. Z-scan measurements were also performed at other
wavelengths. In these cases, a beam from the regenerative amplifi-
er (ca. 1 W) was directed into an optical parametric amplifier
(TOPAS, Light Conversion), which was tuned in the range 650–
900 nm.
The nonlinear absorption coefficient b for open-aperture Z-scan
data was obtained by using Equation (5)[17b]
TðZÞ ¼ 1 1
2
ffiffiffi
2
p b IpLeff
1þ ðZ=Z0Þ2 ð5Þ
in which Ip is the peak intensity, Leff= [1exp(a0L)]/a0 the effec-
tive thickness with L the sample depth, Z the sample position, and
Z0 (¼ pl w20) the Rayleigh range. Both parameters Ip and Z0 were de-
termined by measuring the beam waist w0 by the knife-edge
method. To verify the validity of the obtained results, the Z-scan
apparatus was used in closed-aperture mode to measure the non-
linear refractive index of the standard CS2, resulting in n2=2.5
1015 cm2W1, which is in the range of the accepted values report-
ed in the literature.[37] This confirmed good calibration of our Z-
scan. Thus, s2PA can be evaluated from s2PA ¼ hwN b, in which hw is
the photon energy and N the density of molecules in the solution.
For the ultrafast time measurements, a femtosecond TA experi-
ment was implemented in a pump–probe configuration. In short,
the transmitted intensity through the sample of a probe pulse was
measured as a function of its time of arrival with respect to a stron-
ger pump pulse. The wavelength of the probe pulse was set at
735 nm, while the pump pulse was fixed at 400 or 800 nm. The TA
signal was defined as TA=DT/T0=(TT0)/T0, in which T0 is the
transmission through the sample in the absence of the pump
pulse and T the transmission in the presence of the pump pulse.
According to this definition, a positive transient absorption signal
is due to increased absorption of the probe beam in the sample
after excitation by the pump pulse.
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
Figure S1. Synthesis of the 9,9-dihexyl-2-ethynylfluorene 5b (according to: L. Liu, W
.-Y. W
ong, Y.-
W
. Lam, W
.-Y. Tam, Inorg. Chim
. Acta 2007, 360, 109-121). 
    
 
Figure S2. Normalized photoluminescence (PL) of 3a and 3b in CHCl3  solution under laser excitation 
at 532 nm.  


 
 
 Figure S3. Normalized transmittance T(Z) for 3b in open-aperture Z-scan experiments (300 picosecond 
excitation,  = 532 nm)  at a peak intensity Ip  = 26 GW
/cm
2. CHCl3 solutions were employed with 
transmittance at linear regimes of 60%
 (circles), 40%
 (squares), and 30%
 (stars). Continuous lines 
correspond to theoretical fits of experimental data. 
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Table S1. Near-frontier molecular orbitals of 3a (left) and 3b (right), calculated at the CAM-B3LYP/6-
31G** level. Energies are given in Hartree. 
Chromophore 3a Chromophore 3b 
 
H-2 (-0.25354) 
 
H-2 (-0.24994) 
 
H-1 (-0.22133) 
 
H-1 (-0.22072) 
 
H (-0.21422) 
 
H (-0.21531) 
 
L (-0.07888) 
 
L (-0.08493) 
 
L+1 (-0.07589) 
 
L+1 (-0.07761) 
 
L+2 (-0.02503) 
 
L+2 (-0.03124) 
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Table S2. First singlet excited states of 3a and 3b calculated at the TD-CAM-B3LYP/6-31G** level in 
vacuo. f denotes the oscillator strength of the transitions.  
State 
Chromophore 3a Chromophore 3b 
Main excitations  (nm) f Main excitations  (nm) f 
1Au 0.50 |H-    764 0.00 0.51 |H-  -   779 0.00 
2Au 		  - 0.42 |H-  644 0.14 	  + 0.40 |H-  658 0.26 
3Au   + 0.55 |H-  451 3.00 -  + 0.56 |H-  468 3.38 
4Au 0.51 |H-  -   438 1.83 0.49 |H-  	  445 2.04 
2Ag 0.64 |H-  390  0.64 |H-  412  
3Ag 0.64 |H-  364  0.62 |H-  373  
4Ag 
+2  344  
	  354  
5Ag 0.66 |H-  330  0.65 |H-  339  
 
 
Table S3. First singlet excited states of 3a and 3b calculated at the PCM-TD-CAM-B3LYP/6-31G** 
level (chloroform solvent, = 4.7113). f denotes the oscillator strength of the transitions. 
State 
Chromophore 3a Chromophore 3b 
Main excitations  (nm) f Main excitations  (nm) f 
1Au 0.49 |H-  	  766 0.00 0.52 |H-  -   782 0.01 
2Au 	  - 0.41 |H-  657 0.20 	  + 0.38 |H-  676 0.35 
3Au   + 0.56 |H-  480 3.28 -  + 0.58 |H-  499 3.54 
4Au 0.51 |H-  -   467 2.21 0.48 |H-  	  479 2.39 
2Ag 0.63 |H-  403  0.63 |H-  429  
3Ag 0.63 |H-  374  0.60 |H-  384  
4Ag 0.64 |  344  
  354  
5Ag 0.65 |H-  331  0.63 |H-  340  
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Table S4. Individual contributions of intermediate excited state |Si> of Au symmetry to the 2PA cross-
section related to the 4Ag excited state (|Sf >) of 3a. Estimations of  2PA3L  and  2PA3L from transition 
dipole moments and excited states energies, calculated at the TD-CAM-B3LYP/6-31G** level with 
DALTON11. 
 
 
  
(a.u.) 
  
(a.u.)  
|  |2|  |2  
(a.u.) 
E  
(eV) 
 2PA3L 
(a.u.) 
 2PA
3L   
(GM) 
1Au 0.14 0.90 0.02 0.18 0.49 0.04 
2Au 1.70 3.40 33.41  0.12 2320.0 183.82 
3Au 6.67 2.50 277.95 0.95 308.1 25.12 
4Au 5.14 1.66 72.94 1.03 68.6 5.60 
  
 
 
Table S5. Individual contributions of intermediate excited state |Si> of Au symmetry to the 2PA cross-
section related to the 4Ag excited state (|Sf>) of 3b. Estimations of  2PA3L  and  2PA3L  from transition 
dipole moments and excited states energies calculated at the TD-CAM-B3LYP/6-31G** level with 
DALTON11.  
 
 
  
(a.u.) 
  
(a.u.)  
|  |2|  |2 
(a.u.)  
E 
(eV) 
 2PA3L 
(a.u.) 
 2PA
3L   
(GM) 
1Au 0.27 1.06 0.08 0.16 3.2 0.24 
2Au 2.36 3.49 67.58 0.13 4014.1 285.39 
3Au 7.21 2.69 376.12 0.90 464.4 35.56 
4Au 5.46 1.69 84.67 1.04 78.7 6.03 

Etats excités optiques : absorption à un et deux photons 
 
 51 
 
 
  

C
opies of 1H
 and 13C
 N
M
R
 spectra, M
S analyses, and voltam
m
ogram
s of 3a and 3b 
 1H
 N
M
R
, 3a:  
 
  13C
{
1H
} N
M
R
, 3a:  
 


-TO
F M
S, 3a:  

  -TO
F H
R
M
S, 3a:  



Etats excités optiques : absorption à un et deux photons 
 
 52 
 
 
  


	
3a :  

  


3a :  
 
 


	
3a:  

  		
3a:  
 


Etats excités optiques : absorption à un et deux photons 
 
 53 
  


 1H
 N
M
R
, 3b:  

   13C
{
1H
} N
M
R
, 3b: 



-TO
F M
S, 3b:  

  -TO
F H
R
M
S, 3b:  
 
    

Etats excités optiques : absorption à un et deux photons 
 
 54 
 



	
3b:  

  


3b:  

 
     



	3b:  
 
 
 

Etats excités optiques : absorption à un et deux photons 
 
 55 
 
 
 
 
 
 
 
Article 2 : 
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of the (nonlinear) optical properties of carbo-
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Introduction : article 2 
 
 
 Dans l’article précédent, les propriétés d’absorption à un et deux photons du para-
fluorényle-tetraphényle-carbo-benzène et de son homologue où les liens avec les substituants 
fluorényles ont été expansés par une unité C2, ont été étudiés. Il a été montré que leur spectre 
d’absorption s’inscrivait dans le modèle à quatre orbitales de Gouterman. Il a aussi été montré 
que l’exaltation de σADP par insertion de l’unité C2 était due à l’augmentation des moments 
dipolaires des transitions vers les deux états excités intervenant formellement dans ce 
processus.  
 Le prochain article est consacré à l’analyse des phénomènes d'absorption à un et deux 
photons vues sous l’angle du moment dipolaire de transition. En effet, une méthode de 
visualisation de ces derniers a été mise au point et sera appliquée à l’étude de ces deux 
aspects. D’un principe très simple, cette méthode permet d’analyser l’origine des moments 
dipolaires de transition à partir du produit des orbitales moléculaires occupées et virtuelles 
impliquées dans les mono-excitations dominantes d’une transition, construisant ainsi, des 
densités de transition tronquées (TTD).  
 D’autre part, différentes fonctionnelles seront testées quant à leur capacité à décrire les 
états excités d’un dérivé carbo-benzénique quadripolaire, et les résultats seront comparés à 
calculs MS-CASPT2.  
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Abstract.  
The optical properties of several quadrupolar carbo-benzene derivatives are investigated 
at various levels of calculation (TDDFT and CASPT2) and analyzed using a new theoretical 
tool here disclosed: the “visualization” of the transition dipole moment from the transition 
density truncated to the main mono-excitations involved in the electronic transition (TTD). 
The experimental or calculated one-photon UV-visible absorption spectra of the carbo-
benzene derivatives fit with the Gouterman model originally proposed for porphyrins, where 
the first four excited states involve linear combinations of mono-excitations of the same four 
frontier molecular orbitals. The relative intensities of the absorption bands are analyzed from 
the transition dipole moments calculated from the TTDs and an analogy between porphyrins 
and carbo-benzenes is argued. The two-photon absorption cross-section (σ TPASOS ), i.e. the third-
order nonlinear optical response efficiency, is calculated for each two-photon allowed excited 
state |f from the contribution of all possible intermediate excited states |i, using the “sum-
over-state” (SOS) scheme. The quadrupolar carbo-benzene derivatives fit into the three-level 
model (3L), i.e., the TPA cross-section exhibits a dominant contribution of one of the 
intermediate excited states. σ TPA3L  ∝  (μ0i2*μif2)/ΔE2, in which ΔE is the difference between the 
energy of the intermediate excited state (one-photon allowed) and half the energy of the final 
excited state (two-photon allowed). The origin of TPA efficiency (enhancement) upon carbo-
merisation of the C-C link to the para-substituents is discussed from the corresponding 
excitation energies and the two transition dipole moments (μ0i and μif). The latter may be 
calculated from the TTDs.  
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1. Introduction 
 Calculation and analysis of excited states are essential for the understanding of optical 
properties and thus for the development of new chromophores for applications in nonlinear 
optics and optoelectronics. Due to its low computational cost, time-dependent density 
functional theory (TDDFT) is more widely used for the calculation of the first excited states 
of large size molecular systems than higher-level multireference methods,1 such as complete 
active space plus second-order perturbation theory (CASPT2), the latter allowing to estimate 
the dynamical correlation. However, the adiabatic approximation limits TDDFT to single 
excitations only,2 and the wrong asymptotic behavior of standard functionals results in a poor 
TDDFT description of excited states involving a long-range charge-transfer (CT) character.3  
 Excited states are characterized by their symmetry, energy, main excitations 
contributions and oscillator strength. Accurate characterization of the excited state is expected 
to help the design of optimal substitution patterns of chromophores for a given optical 
property. Most of the studies have therefore focused on the characterization of the CT through 
the main excitation contributions, for which various analysis theoretical tools are available.4 
The Tozer’s Λ diagnostic tool of TDDFT performance for the description of CT bands, is 
based on the degree of spatial overlap between occupied and virtual orbitals involved in the 
excitation. 5  The natural transition orbitals NTOs, 6  and the detachment and attachment 
densities, 7 allow visualizing the hole and particle. However in case of overlapping hole and 
particle, the hole/particle approach proved to be more relevant.8 Density-based indexes such 
as the CT distance (DCT), allow for the investigation of the spatial extent of CT. 9  
In contrast, few reports dealing with the transition dipole moment and the 
corresponding transition densities are available. The latter are related to the intensity of the 
electronic transition from the ground state to the excited state or between two excited states. 
In the present work, a new theoretical tool for visualizing the transition dipole moment as the 
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dipole moment resulting from a charge distribution is disclosed. This analysis tool, allowing 
the calculation of an approximate transition dipole moment from truncated transition densities 
(TTDs), will be used hereafter for the analysis of (nonlinear) optical properties:  
- (i) application of TTDs to the analysis of the optical properties of carbo-benzenes 
derivatives, the first excited states of which matches with the Gouterman’s four-orbital 
model,10,11 originally developed for the interpretation of the electronic absorption spectra of 
porphyrins in the 1960s. 12 
- (ii) application of TTDs to the analysis of two-photon absorption (TPA) efficiency, a 
third-order nonlinear optical property. The investigated quadrupolar carbo-benzenes 
derivatives fit into the three-level model (3L), i. e., for each two-photon allowed excited state 
|f, the TPA cross-section may be approximated by the major contribution of one of the 
intermediate states |i:  
σ TPA3L  ∝  (μ0i2*μif2)/ΔE2        (1)  
in which ΔE is the difference between the energy of the intermediate state (one-photon 
allowed) and half the energy of the final state (two-photon allowed).13 The origin of TPA 
efficiency (enhancement) may be therefore discussed from the transition dipole moments (μ0i 
and μif), and the energies of the two electronic transitions. 
 
2- Methods and theoretical background 
 
2.1. Truncated transition density and one-photon absorption 
The one photon absorption (OPA) probability between the ground state |0 and the 
excited state |f is described by the oscillator strength as:  
   

   
  

 (1)  
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where ωf is the energy of the excited state |f, μ is the dipole moment operator and μ0f the 
transition dipole moment. The summation runs over all the molecular axes m = x, y and z. 
Within TDDFT, each excited state may be related to a transition density matrix γ0f 
parameterized by its transition vector |X,Y following eqn. 2: 
             

 (2)  
where ϕi and ϕa refers to the initial (occupied) and final (virtual) molecular orbitals (MOs) 
respectively. An excited state may be described by a linear combination of single excitations 
(from occupied to virtual MOs) and single de-excitations (from virtual to occupied MOs) 
weighted by the coefficients X and Y, respectively. The decomposition involves usually one or 
two dominant Xfiaϕaϕi excitations. Although weaker than the contribution of the latter 
excitations, taking into account the contribution of the Yfiaϕiϕa de-excitations helps improving 
the accuracy of the calculation of the transition dipole moment μ0f, but the effect on the 
visualization of the transition density is expected to be negligible. The transition dipole 
moment μ0f is therefore approximated (for visualization and physical meaning purposes) from 
one or two products of the initial (occupied) and final (virtual) MOs and their corresponding 
transition vectors, X as follows: 
     

 (3)  
The approximated one-electron transition density ρ0 fTTD , referred to as the truncated transition 
density (TTD), may be related to the approximated transition dipole moment μofTTD using the 
same formula (eqn. 4) as the usual one relating the exact quantities (eqn. 5). However, the 
analysis of the origin of the underlying phenomenon is not straightforward from eqn. 5. 
 μofTTD = ∫ rρTTD0 f (r)d3r  (4)  
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       (5)  
 
The calculation and benefits of TTDs is first illustrated below on a case example, i.e. 
the analysis of the first two excited states of ethylene, calculated at the TDB3LYP/6-31G** 
level (Figure 1).  
 
First excited state |S1: 0.98 |H |L       
   
HOMO LUMO TTD[a] 
Components of the transition dipole moment: 
φH μx φL > 0  
φH μy φL = φH μz φL = 0  
 
Second excited state |S2: 0.99 |H-1 |L       
 
  
HOMO -1 LUMO TTD[a] 
Components of the transition dipole moment: 
φH−1 μx φL = φH−1 μy φL = φH−1 μz φL = 0  
Figure 1. Truncated transition densities of the first two excited states of ethylene calculated at the TD-B3LYP/6-
31G** level. Blue isosurfaces corresponds to positive phase of MOs or positive TTD values and red isosurfaces 
to negative phase of MOs or negative TTD values. [a] truncated transition density. 
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The description of the first excited state |S1 of ethylene is dominated by an H –> L 
excitation (Figure 1). The TTD values corresponding to the product (of the space functions) 
of these two frontier MOs (eqn.3), are positive for x < 0 and negative for x > 0, but cancel out 
along the y- and z-axes, so that the transition dipole moment is aligned with the x-axis (Figure 
1). Noteworthy, the truncation of the linear combination of the mono-excitations describing 
|S1 to the major H –> L contribution, allows retrieving 97 % of the total transition dipole 
moment ( |μofTTD |  = 1.27 a.u. vs |μof |= 1.31 a.u.). 
In the case of the second excited state |S2, H-1 –> L is the major excitation. The density 
arising from the product of the corresponding near-frontier MOs and the x, y and z values 
yields a zero dipole transition moment for this electronic transition (Figure 1).  
 
2.2. Truncated transition density and two-photon absorption 
Two-photon absorption cross-sections (σ TPASOS ) were calculated using DALTON2011 
(“ .TWO-PHOTON ” keyword within quadratic response),[14] within the sum-over-state 
(SOS)  scheme and from the TPA transition matrix elements Smn, involving all intermediate 
excited states |i between the ground state |0 and the final state |f according	 
  
     
   
     
  
 (6)  
in which ω is the fundamental frequency of the laser beam which is equal to the half of the 
excitation energy to the final state ωf/2. The summation runs over all intermediate states |i of 
energy ωi. The TPA probability δtp for a given molecular structure in the gas or liquid phase 
can be obtained by orientational averaging (eqn. 7): 
        

 (7)  
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The coefficients A and B depend on the polarization of the light, A=2, B=4 for linearly 
polarized light and A=-2, B=6 when circularly polarized. For direct comparaison with 
experimental values, the TPA probability can be converted into a cross-section σ TPASOS  in GM 
(1 GM = 10-50 cm4.s.photon-1) by using eqn. 8:15 
 σ TPASOS    (8)  
in which α is the fine structure constant, a0 is the Bohr radius (in cm/a.u.), t0 is the atomic unit 
of time (in s/a.u.) and ω is the photon energy (in a.u.), i.e. ω=ωf/2.16  
 Organic chromophores generally fit into the three-level model. The 2PA probability 
may therefore be approximated by truncating the summation of eqn. 6 to a single intermediate 
excited state, and involving the transition dipole moments of the two related one-photon 
absorption processes and the energy difference between the intermediate state and a virtual 
state lying halfway to the TPA state, referred to as ΔE (eqn. 9):  
 δTPA3L =
0 μ i 2 i μ f 2
(ωi −
ω f
2
)2
=
μ0i2μif2
ΔE2
 (9)  
  
The TPA process may be modeled by two one-photon absorptions; the first one from 
the ground state |0 to the intermediate (OPA-allowed) state |i, and the second one from the 
intermediate state |ito the final (OPA-forbidden) state |f. From eqn. 9, it is clear that in order 
to increase the TPA cross-section, one has to maximize the two corresponding transition 
dipole moments and minimize the energy difference ΔE of the denominator. The first 
transition dipole moment μ0i, can be investigated from the TTDs using eqn. 3, but the 
investigation of the second one, μif, requires a different approach, since the transition vectors 
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|X,Y of eqn. 2 stand for electronic transitions involving excitations from the ground state 
only.  
As the transition dipole moment is a mono-electronic operator, it cannot couple 
determinants with more than one difference in their MOs occupations. It takes therefore non-
zero values only when either the particle or the hole of both the intermediate and the final 
state transition vectors, are on the same MOs.  The transition dipole moment of an electronic 
transition between two excited states may be therefore written as: 
       



 (10)  
where 1 and 2 stand for the intermediate and the final states, respectively. In the same spirit as 
for the above OPA analysis, the approximated second transition dipole moment μifTTD , is 
calculated from the dominant Xfiaϕaϕb excitations only.  
Application of eqn.10 is illustrated below for the electronic transition between the first |S1
and the fifth |S5 excited states of ethylene. The description of the first excited state of 
ethylene was shown above to be dominated by a H –> L excitation. The fifth excited state is 
dominated by a H-2 –> L excitation. These two transition vectors have the particle in 
common; hence in order to determine the transition dipole moment between these excited 
states, the left part of eqn.10 may be used. As illustrated in Figure 2, the TTD is now the 
product of the HOMO and the HOMO-2. It yields a transition dipole moment aligned with the 
z-axis with magnitude of 0.044 a.u., comparable to that calculated using the quadratic 
response, in DALTON2011, at the same level (0.041 a.u.).  
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First excited state |S1: 0.98 |H |L       TTD[a] 
  
 
HOMO LUMO 
First excited state |S5: 0.94 |H-2 |L       
  
HOMO-2 LUMO  
Components of the transition dipole moment: 
φH μz φH−2 > 0  
φH μx φH−2 = φH μy φH−2 = 0  
 
Figure 2. Truncated transition densities and MOs involved in the dominant excitations describing the transition 
from the first and the fifth excited state of ethylene. TD-B3LYP/6-31G** level of calculation. Blue isosurfaces 
corresponds to positive phase of MOs or positive TTD values and red isosurfaces to negative phase of MOs or 
negative TTD values. [a] truncated transition density.  
 
3. Results and discussion 
3.1. Calibration of the level of calculation on the first excited states of p-dianisyl-tetraformyl -
carbo-benzene 3. 
The experimental absorption spectra of two quadrupolar carbo-benzenes derivatives 
have been reported to be in good agreement with to the ones calculated at the TDDFT level, 
using either the B3PW91 functional in the case of p-dianisyl-tetraphenyl-carbo-benzene 1a10 
or the CAM-B3LYP functional in the case of p-difluorenyl-tetraphenyl-carbo-benzene 2a 
(Scheme 1).11 At both levels of calculation, both the nature and the energies of the first 
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excited states related to the maximum absorption band of these carbo-chromophores are very 
similar. 
 
Scheme 1. Various quadrupolar para-substituted tetraphenyl-carbo-benzenes (a series: R = anisyl or fluorenyl) 
and expanded analogues (b series). 
 
  
Scheme 2. para-dianisyl-tetraformyl-carbo-benzene 3.  
 
 
TDDFT is extensively used for the calculation of electronic excitation energies. For 
standard functionals (GGAs and hybrids), it is well established that the energies of the first 
excited states involving local excitations are generally accurate to within a few tenth of an eV, 
while higher excitated states may be poorly described because of the adiabatic approximation 
(single excitations only) and the wrong asymptotic behavior of the exchange-correlation 
contribution to the Kohn-Sham equations. The underestimation of low-lying TDDFT 
excitation energies associated with significant charge transfer (CT) is also well documented.17  
The first excited states of carbo-benzene derivatives calculated at the TDDFT level 
were therefore compared to those obtained from high level Multi-State Complete Active 
()n( )nR R
OMe
1a n=0
1b n=1 R:
2a n=0
2b n=1 R:
O
H
O
H
OMeMeO
O
H
O
H
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Space plus second-order Perturbation Theory (MS-CASPT2) calculations. The latter 
calculations, being too computational costly for the large size experimental carbo-
chromophores, were thus performed for p-dianisyl-tetraformyl-carbo-benzene 3 (Scheme 2).  
 The geometry of 3 was optimized under C2h symmetry constraint at the B3PW91/6-
31G** level. Vertical excitations were calculated at the TDDFT (B3PW91, B3LYP and 
CAM-B3LYP functionals), using the same basis set, and MS-CASPT2 level, using atomic 
natural orbital ANO-S basis set22 as described in the computational details. Twenty roots in 
each symmetry of interest, namely Ag and Bu, were obtained from CASSCF calculations in 
which the active space contained 10 electrons in 10 π orbitals (CAS(10,10) involving five au 
and five bg orbitals). 
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B3LYP CAM-B3LYP CASSCF (10 ,10) 
 
H-4 (bu) 
 
H-4 (bg) 
 
1bg (ON = 1.96) 
 
H-3 (au) 
 
H-3 (au) 
1au (ON = 1.96) → H-3 
 
H-2 (bg) 
 
H-2 (bg) 
2bg (ON = 1.93) → H-2 
 
H-1 (au) 
 
H-1 (au) 2au (ON = 1.84) → H-1 
 
H (au) 
 
H (au) 3au (ON = 1.81) → H 
 
L (bg) 
 
L (bg) 
3bg (ON = 0.18) → L 
 
L+1 (bg) 
 
L+1 (bg) 
 
4bg (ON = 0.17) → L+1 
 
L+2 (au) 
 
L+2 (au) 
4au (ON = 0.08) → L+2 
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L+3 (bu) 
 
L+3 (bu) 
 
5bg (ON = 0.04) 
 
L+4 (au) 
 
L+4 (au) 
 
5au (ON = 0.04) 
Table 1. Near-frontier MOs included in the CAS (10, 10) active space of MS-CASPT2 calculations and related 
MOs calculated at the B3LYP/6-31G** and CAM-B3LYP/6-31G** levels. Natural orbital occupation numbers 
(ON) in the Ag ground state are given in parentheses. 
The comparison of the TDDFT and MS-CASPT2 results has to be taken with caution, 
due to the difference in nature of the two calculation methods. For example, the CASSCF 
MOs near to the Fermi level, though similar to the Kohn-Sham MOs, are more delocalized 
(Table 1). However, the great similitude in shape of both sets of MOs involved in the 
dominant single-excitations of interest, allows analyzing the excited states in the space of the 
Kohn-Sham orbitals (Table 1). Thus the labeling of the CASSCF orbitals (H-1, H, L …) is 
related to the ordering of the Kohn-Sham MOs as shown in Table 1.  
The TDDFT and MS-CASPT2 description of the first five Bu excited states of 3, 
involved in the one-photon absorption spectra of 3, is compared in Table 2. The TD-B3PW91 
and TD-B3LYP descriptions are almost identical in terms of dominant mono-excitations, 
transition energies or oscillator strengths. The B3PW91 results are therefore further compared 
below with the TD-CAM-B3LYP and MS-CASPT2 results. 
 
TD-CAM-B3LYP and MS-CASPT2 descriptions are almost identical in terms of 
dominant mono-excitations and oscillator strengths. The first two Bu states are described by 
the same dominant mono-excitations whatever the calculation level. At the TD-B3PW91 
level, the 3Bu state is inverted with the 4Bu state and the 3Bu state (0.76 |H-3 → L - 0.61 |H-1 
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→ L+1 - 0.18 |H → L) is a mixture of the 4Bu and 5Bu states (0.70 |H-1 → L+1 + 0.32 |H 
→ L and 0.76 |H-3 → L, respectively), found from MS-CASPT2 calculations.  
 
Excited State Main mono-excitations Energy (eV)  Oscillator strength 
B3LYP 
1Bu 0.95 |H → L  -0.35 |H-1 → L+1  1.4987 0.0964 
2Bu 0.89 |H → L+1 +0.45 |H-1 → L  1.9255 0.3607 
3Bu 0.76 |H-3 → L -0.61 |H-1 → L+1 2.5541 0.0536 
4Bu 0.82 |H-1 → L -0.45 |H → L+1 2.6163 1.9266 
5Bu 0.91 |H-6 → L  3.0694 0.1233 
B3PW91 
1Bu 0.95 |H → L  -0.35 |H-1 → L+1  1.4993 0.0965 
2Bu 0.89 |H → L+1 +0.45 |H-1 → L  1.9310 0.3746 
3Bu 0.76 |H-3 → L -0.61 |H-1 → L+1 2.5532 0.0501 
4Bu 0.82 |H-1 → L -0.45 |H → L+1 2.6198 1.9241 
5Bu 0.89 |H-6 → L  3.0779 0.1324 
CAM-B3LYP 
1Bu 0.89 |H → L -0.45 |H-1 → L+1 1.5195 0.1155 
2Bu 0.85 |H → L+1 +0.52 |H-1 → L 1.9550 0.2634 
3Bu 0.82 |H-1 → L -0.52 |H → L+1 2.8707 2.3938 
4Bu 0.82 |H-1 → L+1 +0.48 |H → L 3.0546 0.6500 
5Bu 0.92 |H-3 → L 3.6712 0.4764 
MS-CASPT2 
1Bu 0.81 |H → L  -0.30 |H-1 → L+1 1.1125 0.1926 
2Bu -0.80 |H → L+1 -0.42 |H-1 → L 1.9063 0.6814 
3Bu 0.77 |H-1 → L -0.33 |H → L+1 2.3742 2.6502 
4Bu 0.70 |H-1 → L+1 +0.32 |H → L 2.5531 0.8234 
5Bu 0.76 |H-3 → L 2.9830 0.5214 
Table 2. Dominant mono-excitations and excitation energies (in eV) of the first five Bu excited states of 3 (C2h 
symmetry), calculated at various TDDFT levels and MS-CASPT2.  
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 Finally, the 2Bu state excepted, for which the excitation energy is insensitive to 
the calculation level (Table 2), TDDFT-calculated excited states are found much higher in 
energy than the MS-CASPT2-calculated ones. A transition energy of 1.52 eV is calculated for 
the 1Bu state at the TD-CAM-B3LYP level vs 1.11 eV at the MS-CASPT2 level. The MS-
CASPT2-calculated transition energies of the 3Bu, 4Bu and 5Bu excited states are respectively 
0.5, 0.5 and 0.7 eV lower in energy than the ones calculated at the TD-CAM-B3LYP level.  
 As far as the UV-visible absorption spectra of quadrupolar carbo-benzenes are 
concerned, TD-CAM-B3LYP is selected as the most suitable TDDFT level as compared to 
the MS-CASPT2 reference. Both the oscillator strength and the nature of the first five excited 
states are suitably described, while transition energies are overestimated.  
 
3.2. TTDs and the Gouterman’s four-orbital model   
3.2.1 Analogy between the excited states of carbo-benzenes and porphyrins  
The Gouterman’s four-orbital model first developed for the interpretation of the 
absorption spectra of porphyrins,12 was shown to be also relevant for carbo-benzenes.10 For 
such Ci-symmetric derivatives, the maximum absorption band of the quasi-degenerate 4Au 
and 3Au excited states is in correspondence with the intense Soret band (B band) of 
porphyrins, while the first 1Au and 2Au excited states, exhibiting very weak oscillator 
strengths may be related to the weak Q bands of porphyrins.11 
The Gouterman’s model is further investigated below using TTDs for the analysis of 
the first excited states of porphin 4 and of unsubstituted carbo-benzene 5 (Scheme 3), and of 
the quadrupolar carbo-benzenes derivatives shown in Scheme 1. The intensities and the 
direction of polarization of the electronic transitions will be discussed on the basis of the 
TTDs. 
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Scheme 3. Most representative mesomeric forms of porphin 4 (left) and of carbo-benzene 5 (right). Only one of 
the two equivalent mesomeric forms is shown. 
 
In order to facilitate the discussion on the orientation of the transition dipole moments, 
the x- and y-axis, and the molecular orbitals will be labeled as proposed by Gouterman in his 
original article12b (Figure 3 and Scheme 3). The transposition of this labeling to the MOs of 
carbo-benzene 4 was done on the basis of the structural similarity of 4 and 5. The b1 MO is 
nodeless along the x- and y-axis, the b2 MO exhibits two nodal planes containing the x and y-
axes, while the c1 (resp. c2) MO exhibits one nodal plane containing the x-axis (resp. y-axis). 
Using these labels, the b1 → c1 or b2 → c2 mono-excitations are y-polarized electronic 
transitions while the b1 → c2 or b2 → c1 mono-excitations are x-polarized. 
 
 
Figure 3. Frontier molecular orbitals of porphin 4 (left) and carbo-benzene 5 (right). 
  
 For the D2h-symmetric porphin 4, the HOMO (b1) and HOMO-1 (b2) on the one hand, 
and the LUMO (c1) and LUMO+1 (c2) on the other hand, are not degenerate as for the D6h-
NH
N
HN
N
X
Y
X
Y
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symmetric carbo-benzene 5 (Figure 3). Both π orbitals b1 and c2 of 4, strongly polarized on 
the nitrogen atoms of the protonated pyrrole subunits, are slightly destabilized as compared to 
b2 and c1 (Figure 3). The HOMO-LUMO energy gaps of 4 and 5 are very close, 0.18 a.u. and 
0.17 a.u. respectively. Unsurprisingly, very similar electronic transition energies are therefore 
calculated for both compounds (Figure 4). The first four excited states of 4 and 5 matches 
well with the Gouterman’s model (see Table 3). Indeed, in both cases, two pairs of excited 
states can be distinguished, resulting in the x-polarized electronic transitions of the type X1 |b1 
→ c2 +X2 |b2 → c1 (related to the Bx and Qx bands) on the one hand and in y-polarized 
electronic transitions of the type X1 |b1 → c1 +X2 |b2 → c2 (related to the By and Qy bands) 
on the other hand. For 5, the X1 and X2 contribution of each mono-excitations are equal, while 
they are slightly different in 4 for symmetry reasons. The mono-excitations contributions of B 
and Q bands of the same polarization are equal except one sign inversion of one coefficient Xi 
(i = 1 or 2) only. For each polarization type (x or y), the truncated transition density related to 
the electronic transitions of Q and B bands, built from the corresponding MOs products, 
results therefore in a destructive and a constructive contribution respectively, as illustrated 
below for the y-polarized electronic transitions of 5:  
 
                        
                       
 
For 5, the x- and y-directions are not equivalent, as the maximum distance between the 
carbon atoms in the x-direction is larger than that in the y-direction (dxmax = 7.95 Å and dymax 
= 6.95 Å respectively). However the Bx and By transition dipole moments are both equal to 
3.853 a.u. (Table 3), suggesting that the b1c2 and b2c1 overlaps are smaller than the b1c1 and 
b2c2 ones. From the corresponding truncated transition densities, the positive and the negative 
charge densities (hereafter referred to as overlaps), as well as their barycenter positions and 
distance may be obtained. In contrast to what was expected from the dxmax and dymax values, 
the positive and negative overlaps are larger in the x-direction than in the y-direction (± 0.44 
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and ± 0.37, respectively), and the distances between their barycenter are smaller in the x-
direction than in the y-direction (4.26 Å and 5.09 Å, respectively).  
The dxmax and dymax values of 4, are almost identical (8.51 Å and 8.49 Å, 
respectively), while the Bx transition dipole moment (3.070 a.u.) is smaller than the one of By 
(3.585 a.u., Table 3). The first contributions to the transition dipole moment, namely the b2c1 
(x-polarized) and b2c2 (y-polarized) overlaps are expected to be equal. In contrast, as the 
weight of the b1 MO on the nitrogen atoms of the protonated pyrrole subunits is smaller than 
the one on the nitrogen atoms of the pyrrole subunits (Figure 3), the next contributions to the 
transition dipole moment, namely the b1c2 and b1c1 overlaps involving mainly contributions of 
these respective pyrrole subunits are therefore ranking accordingly. The x-component of the 
transition dipole moment of 4 (aligned with the N-H bond) is therefore smaller than the y-
component (Table 3), although there is an equal distance between regions of positive TTD 
and regions of negative TTD.  
 
Figure 4. UV-visible spectra of porphin 4 (orange) and carbo-benzene 5 (blue) calculated at the TDCAM-
B3LYP/6-31G** level. Absorption bands were simulated using a gaussian shape of full width at half maximum 
(FWHM) of 0.2 eV. For clarity, Q bands have been strongly magnified as compared to B bands. 
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3.2.2. Influence of C2 insertion on the transition intensities  
 The truncated transition densities have been used below to study the effect on the 
absorption spectrum, of the elongation of the para-substituents of carbo-benzene derivatives 
1a and 2a by insertion of C2 units (Scheme 1). 
 
 
Figure 5. Frontier molecular orbitals of 1a (left) and of 1b (right). 
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Excited 
state 
Transition 
energy 
eV (nm) 
Main excitations f μ0i[a] μ0i(TTD) [b] TTD[c] 
4 
S1 (Qx) 2.20 (564) -0.68 |b2 → c1 +0.73 |b1 → c2 0.00 0.166 
0.113 
(68%) 
 
S2 (Qy) 2.43 (511) 0.69 |b2 → c2 +0.71 |b1 → c1 0.00 0.122 
0.148 
(121%) 
 
S3 (Bx) 3.57 (348) 
0.69 |b2 → c1 +0.61 |b1 → c2  
0.39 |H-3 → c2 -0.14 |H-2 → L+2 
-0.16 |b1 ← c2 
0.82 3.070 
4.123 
(134%) 
3.219 
(105%) 
 
S4 (By) 3.70 (335) 
0.72 |b2 → c2 -0.71 |b1 → c1 
-0.16 |b2 ← c2 +0.18 |b1 ← c1 
1.17 3.585 
4.351 
(121%) 
3.313 
(92%) 
 
5 
S1 (Qy) 1.94 (640) 
-0.72 |b2 → c2 +0.72 |b1 → c1 
-0.16 |b2 ← c2 +0.16 |b1 ← c1 
0.00 0.000 0.000 
 
S2 (Qx) 2.37 (524) 0.71 |b2 → c1 +0.71 |b1 → c2 0.00 0.000 0.000 
 
S3 (By) 3.78 (328) 
0.72 |b2 → c2 +0.72 |b1 → c1 
-0.20 |b2 ← c2 -0.20 |b1 ← c1 
1.38 3.853 
5.059 
(131%) 
3.677 
(95%)  
S4 (Bx) 3.78 (328) 
-0.72 |b2 → c1  +0.72 |b1 → c2 
0.20 |b2 ← c1 -0.20 |b1 ← c2 
1.38 3.853 
5.059 
(131%) 
3.677 
(95%)  
Table 3. Calculated electronic transitions for 4 and 5 at the TDCAM-B3LYP/6-31G** level. The two dominant 
mono-excitations are written in black and completed in blue, with the excitations contributing with coefficients 
larger than the threshold value of 0.14. [a] Transition dipole moment (a.u.) calculated from Gaussian09. [b] 
Transition dipole moment (a.u.) calculated from the transition density truncated to the two dominant mono-
excitations (in black) or from all the mono-excitations contributing with coefficients larger than 0.14 (in blue). 
[c] Truncated transition density (isosurfaces accounting for 80 % of the TTD). 
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 Upon substitution of the hydrogen atoms of the C18 macrocycle of 5 by two p-anisyl or 
two p-fluorenyl moieties, and by four phenyl substituents, the D6h symmetry is reduced to C2 
in 1a and to Ci in the 1b, 2a and 2b ground states. The degeneracy of the four near-frontier 
MOs of 5 is lost, but the correspondence to the b1, b2, c1, and c2 labels of Gouterman (Figures 
5 and 6) and to the corresponding B and Q bands is straightforward (Tables 4 and 5). 
Similarly to 5, the two x-polarized transitions involve the same two main mono-excitations, 
namely |b1 → c2 and |b2 → c1, in a destructive combination for Qx and in a constructive 
combination for Bx. The same description holds for the y-polarized transitions involving the 
same |b1 → c1 and |b2 → c2 mono-excitations. The corresponding transition dipole moments 
calculated with the TTDs, from the two dominant mono-excitations only, are in a good 
agreement with the values calculated by TDDFT from Gaussian09 (Table 4 and 5).  
The TTDs of the first four excited states of 1a shown in Table 4, suggest that the 
dominant contribution to the transition dipole moment comes from the carbo-benzene ring. 
However, the transition dipole moments of the By and Bx transitions are strongly enhanced 
with respect to 5, by a factor of 1.37 and 1.53 respectively. Small overlaps between the 
orbitals involved in the corresponding excitations are therefore able to yield a large variation 
of the transition intensity.  
The small contribution of one carbon atom of the inserted C2 unit of 1b to the TTDs, 
reminiscent of the corresponding extended π-electron delocalization, results in a larger 
transition dipole moment of the Bx transition of 1b (6.619 a.u vs 5.903 a.u. for 1a). The small 
increase of the transition dipole moment of the By transition of 1b (5.547 a.u.) as compared to 
1a (5.289 a.u.) may be assigned to smaller tilt angles of the phenyl rings with respect to the 
central carbo-benzene ring (19.8° for 1a and 12.9° for 1b). The steric hindrance release and 
the better π-orbital conjugation resulting from the C2 units insertion, is expected to increase 
the transition density contribution of the phenyl rings in 1b. The insertion of the C2 units 
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affects also strongly the intensities of the Qx transition of 1b. In addition to the low 
contribution of the C18 macrocycle (destructive combination of excitations) already visible in 
1a (0.563 a.u.), a sizeable contribution of the external carbon atom of the C2 unit is visible in 
the TTD (Table 4) and results into a large transition dipole moment (1.724 a.u.). 
 
 
Figure 6. Frontier molecular orbitals of 2a (left) and 2b (right). 
 
Figure 7. UV-visible spectra of 1a (blue) and 1b (orange) calculated at the TDCAM-B3LYP/6-31G** level. 
Absorption bands were simulated using a gaussian shape of full width at half maximum (FWHM) of 0.2 eV. For 
clarity, Q bands have been strongly magnified as compared to B bands. 
Similar trends are expected upon expansion of the extremities of 2a into 2b. The π-
electron delocalization is more extended with fluorenyl substituents than with anisyl 
extremities. The intensities of the x-polarized transitions of 2a are therefore larger than the 
ones of 1a. The fluorenyl substituents of 2a, more sterically demanding than the anisyl 
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substituents of 1a, induce a larger tilt angle of the phenyl rings, about 22° with respect to the 
central carbo-benzene. Upon C2 insertion and corresponding steric strain release, the 
transition dipole moment of the Bx transition of 2b becomes larger than that of 1b, 7.212 a.u. 
vs 6.619 a.u. (Tables 4 and 5). 
These four compounds have very similar transition energies; the Qy transitions are 
ranging within 0.04 eV, the Qx transitions within 0.07 eV, the Bx transitions within 0.18 eV 
and the By transitions within 0.08 eV (Figures 7 and 8). 
  
 
Figure 8. UV-visible spectra of 2a (blue) and 2b (dashed blue) (in blue) calculated at the TDCAM-B3LYP/6-
31G** level. Absorption bands were simulated using a gaussian shape of full width at half maximum (FWHM) 
of 0.2 eV. For clarity, Q bands have been strongly magnified as compared to B bands. 
 
The analysis of the transition dipole moments through the TTDs enables to understand 
very easily the origin of the electronic transition intensity. An approximate transition dipole 
moment value, relevant for the qualitative analysis of the intensities of absorption bands, can 
be calculated from the two dominant mono-excitations only. However, taking into account the 
contributions with smaller coefficients, including de-excitations, is required for getting more 
accurate transition dipole moments. This is illustrated in Tables 3, 4 and 5.  
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By including the contributions of excitations with coefficients larger than the threshold 
of 0.14, the transition dipole moment is approaching but oscillating around the exact value 
calculated with Gaussian09. Taking into account a huge number of mono-excitations is 
expected to increase the accuracy, but will be however useless for the desired qualitative 
analysis of the intensity of absorption bands required for the optimal design of synthetic 
targets. The visualization of these TTDs is very useful to see the orientation of the 
polarization of the electronic transition, as well as the overlap between the orbitals involved in 
the excitations.  
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Excited 
state 
Transition 
energy 
eV (nm) 
Main excitations f μ0i[a] μ0i(TTD) [b] TTD[c] 
1a 
S1 (Qy) 1.63 (761) 
-0.66 |b2 → c2 +0.73 |b1 → c1 
-0.16 |b2 ← c2  
0.01 0.375 
0.276 
(74%) 
0.306 
(82%)  
S2 (Qx) 1.96 (631) 0.66 |b2 → c1 +0.74 |b1 → c2 0.02 0.563 
0.450 
(80%) 
 
S3 (Bx) 2.83 (438) 
0.74 |b2 → c1 -0.66 |b1 → c2 
-0.14 |b2 ← c1 -0.16 |b1 ← c2 
2.42 5.903 
5.625 
(95%) 
4.432 
(75%)  
S4 (Bx) 2.87 (432) 
0.74 |b2 → c2  -0.66 |b1 → c1 
-0.14 |b2 ← c2 -0.16 |b1 ← c1 
2.04 5.289 
5.396 
(100%) 
4.235 
(79%)  
1b 
S1 (Qy) 1.59 (778) 0.71 |b2 → c2 +0.69 |b1 → c1 0.00 0.128 
0.234 
(182%) 
 
S2 (Qx) 1.90 (651) -0.59 |b2 → c1 +0.77 |b1 → c2 0.14 1.724 
1.345 
(78%) 
 
S3 (Bx) 2.70 (459) 
0.77 |b2 → c1 +0.59 |b1 → c2 
0.14 |H-3 → c2 -0.16 |b1 ← c2 
2.69 6.619 
5.899 
(89%) 
5.328 
(81%)  
S4 (By) 2.80 (443) 
-0.71 |b2 → c2  +0.72 |b1 → c1 
0.16 |b2 ← c2 -0.14 |b1 ← c1 
2.11 5.547 
5.470 
(99%) 
4.304 
(77%)  
Table 4. First four excited states of 1a and 1b, calculated at the TDCAM-B3LYP/6-31G** level. The two 
dominant mono-excitations are written in black and completed in blue, with the excitations contributing with 
coefficients larger than the threshold value of 0.14. [a] Transition dipole moment (a.u.) calculated from 
Gaussian09. [b] Transition dipole moment (a.u.) calculated from the transition density truncated to the two 
dominant mono-excitations (in black) or from all the mono-excitations contributing with coefficients larger than 
0.14 (in blue). [c] Truncated transition density (isosurfaces accounting for 80 % of the TTD). 
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Excited 
state 
Transition 
energy 
eV(nm) 
Main excitations f μ0i [a] 
μ0i (TTD) 
[b] 
TTD [c] 
2a 
S1 (Qy) 
1.62 
(764) 
0.69 |b2 → c2 +0.71 |b1 → c1 
0.14 |b2 ← c2 
0.00 0.141 
0.011 
 (8%) 
0.531 
(377%)  
S2 (Qx) 
1.92 
(644) 
-0.59 |b2 → c1 +0.77 |b1 → c2 0.14 1.699 
1.283 
(76%) 
 
S3 (Bx) 
2.75 
(451) 
0.77 |b2 → c1 +0.61 |b1 → c2  
-0.14 |b1 ← c2 +0.14 |H-3 → 
c2  
3.00 6.667 
5.806 
(87%) 
5.251 
(79%)  
S4 (By) 
2.83 
(437) 
0.71 |b2 → c2 -0.69 |b1 → c1 
-0.14 |b2 ← c2 +0.16 |b1 ← c1 
1.83 5.137 
5.263 
(104%) 
4.155 
(81%)  
2b 
S1 (Qy) 
1.59 
(779) 
0.72 |b2 → c2 -0.62 |b1 → c1 
-0.14 |H-3 → c1 
0.00 0.270 
0.384 
(142%) 
0.161 
(60%)  
S2 (Qx) 
1.89 
(658) 
0.56 |b2 → c1 +0.83 |b1 → c2 0.26 2.357 
1.647 
(70%) 
 
S3 (Bx) 
2.65 
(468) 
0.79 |b2 → c1 -0.58 |b1 → c2 
0.16 |H-3 → c2 +0.14 |b1 ← 
c2 
3.38 7.212 
5.868 
(81%) 
5.311 
(74%)  
S4 (By) 
2.79 
(411) 
0.69 |b2 → c2  +0.74 |b1 → c1 
-0.16 |b2 ← c2 -0.14 |b1 ← c1 
2.04 5.458 
5.400 
(99%) 
4.261 
(78%)  
Table 5. Calculated electronic transitions for 2a and 2b at the TDCAM-B3LYP/6-31G** level. The two 
dominant mono-excitations are written in black and completed in blue, with the excitations contributing with 
coefficients larger than the threshold value of 0.14. [a] Transition dipole moment (a.u.) calculated from 
Gaussian09. [b] Transition dipole moment (a.u.) calculated from the transition density truncated to the two 
dominant mono-excitations (in black) or from all the mono-excitations contributing with coefficients larger than 
0.14 (in blue). [c] Truncated transition density (isosurfaces accounting for 80 % of the TTD). 
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3.2.3. Predicting the energy splitting between excited states of the Gouterman four-
orbital model.  
Within the Gouterman four-orbital model, the prediction of the energy difference 
between the B and Q electronic transitions of the same polarization depending on the 
geometry of the chromophore is disclosed herafter. 
Within the Gourterman’s four-orbital model, the Bx and Qx (resp. By and Qy) 
transitions involve the same mono-excitations, namely |b1 → c2 and |b2 → c1 (resp. |b1 → 
c1 and |b2 → c2, b1, b2, c1 and c2 being the four frontier orbitals according to Gouterman’s 
labeling.  
The wavefunctions of these two states can be written as : 
      
      
with 
 

     
 

     
The energy difference between these two states is calculated from eqn.11: 
                    
                    (11) 
This expression may be further simplified into eqn.12 taking into account that  
         and that among these coefficients one and only one can be 
negative (or positive) in the Gouterman model: 
                          (12) 
The energy difference between the two x-polarized transitions may therefore be 
related to two following interactions: (i) the electrostatic interaction between the charge 
distribution built from the multiplication of b1 and b2 on the one hand, and of c1 and c2 on the 
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other hand (   ), and (ii) the electrostatic interaction between the charge distribution 
built from the multiplication of b1 and c1, and b2 and c2. The former corresponds to the 
interaction between two quadrupoles and is expected to be small with respect to the latter, 
which is the interaction between two dipoles. It will be thus neglected in our model. It is 
important to note that ΔEx is proportional to the electrostatic interaction built from 
multiplication of orbitals involved in the excitations of the y-polarized transitions By and Qy. 
The above observations led us to consider correlations between the elongation of the carbo-
benzenes derivatives considered in this work and the relative energies of their excited states. 
 A correlation was observed between the ratio of ΔEy and ΔEx and the ratio of dxmax 
and dymax as shown in Figure 9. For all the carbo-benzenes studied in this work, the longer 
the length in the x-axis direction relatively to that in the y-axis direction, the larger the 
splitting between the y-polarized and the x-polarized states (Table 6).  
 ΔEx (eV) ΔEy (eV) ΔEy / ΔEx dxmax (Å) dymax (Å) dxmax/dymax 
5 1.44 1.84 1.28 7.95 6.95 1.14 
1a 0.87 1.24 1.43 20.93 14.35 1.46 
1b 0.80 1.21 1.51 25.90 14.32 1.81 
2a 0.83 1.21 1.46 24.78 14.38 1.72 
2b 0.76 1.20 1.58 29.63 14.32 2.07 
4 0.91 1.53 1.68 21.03 9.55 2.20 
Table 6. Energy differences between the two excited states of the same polarity (ΔEx and ΔEy) and maximum 
distance between two atoms of the extremities (other than hydrogen atoms) in each directions (dxmax and dymax). 
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Figure 9. Linear correlation between the ratio of ΔEy and ΔEx and the ratio of dxmax and dymax. Corresponding 
values are given in Table 6. 
 
3.3. TTDs and two-photon absorption  
  
 The two-photon absorption cross-sections of compounds 1-2 (Scheme 1) were 
calculated using the SOS method and the TPA cross-sections of 2a and 2b were also 
measured with the Z-scan method (Table 7).11 For the four chromophores, the major 
contribution to the TPA cross-section originates from the seventh excited state S7, described 
by a dominant |b1 → mono-excitation. The   label, referring to the LUMO+2 in all 
systems (Figure 10), was chosen as these MOs are nodeless along the x- or y-axis similarly to  
b1 orbitals. The calculated TPA cross-sections are slightly underestimated as compared to the 
experimental values. 11 This good agreement between experimental and calculated TPA cross-
sections may be fortuitous, as the DALTON2011 calculations were performed without taking 
into account the dichloromethane solvent nor any lifetime broadening factor.1518 
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The TPA efficiencies of 1a and 1b are calculated to be much smaller than those of 2a 
and 2b (41 and 134 GM vs 228 and 349 GM). The relative TPA cross-sections of 1a and 2b 
(Table 7) are in line with their relative transition dipole moments (Table 8). 
 
 Excited state with  
Transition 
Energy  
Main excitation TPA cross-section (GM) 
 maximum σ3LTPA (eV)  SOS Expl.[a] 
1a S7 (A)  3.74 0.93 |b1 →   41 - 
1b S7 (Ag) 3.57 0.94 |b1 →  134 - 
2a S7 (Ag) 3.61 0.91 |b1 →  228 336 
2b S7 (Ag) 3.50 0.92 |b1 →  349 656 
Table 10. TPA cross-sections calculated at the TDCAM-B3LYP/6-31G** level with the SOS method for 
compounds 1-2 in comparison to the experimental values for 2a and 2b at 800 nm.[a] from reference 11. 
 
 
Figure 10. LUMO + 2 orbitals of compounds 1-2, labeled   in Table 7. 
To investigate the origin of the TPA efficiency enhancement upon C2 insertion, the 
three-level model (eqn. 9) was used to analyze the major contribution to the TPA cross-
section of compounds 1-2, originating from S7 (except for 1a with 46% of the SOS value.  
See Table 8). The difference between the energy of the intermediate state S2 and the half of 
the energy of the final state S7 is slightly increasing upon C2 insertion (0.09 eV in 1a vs 0.12 
eV in 1b and 0.12 eV in 2a vs 0.13 eV in 2b) and is expected from eqn. 9 to decrease the TPA 
efficiency. The TPA cross-section enhancement may be therefore related to the effect of C2 
insertion on the transition dipole moments.  
 The transition dipole moments calculated between the two excited states, namely S2 
and S7, were obtained using eqn. 10. One of the dominant mono-excitations of S2 (Qx), 
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namely |b1 → c2, has the same hole as the dominant excitation of S7, |b1 → . Hence the 
TTDs were built by the multiplication of c2 by  . As both orbitals are strongly overlapping 
along the x-axis direction, large transition dipole moments  are obtained. Moreover, 
values are in good agreement with those obtained using the quadratic response method 
implemented in DALTON11 (Table 8), despite the systematic underestimation of the 
transition dipole moment between the ground state and Qx. 
 
 OPA sequence  

          TTD [b] 
σ3LTPA (GM) 
 
   [a] TTD [a] TTD  [a] TTD 
1a S0(Ag) → S2(A) → S7(B)  0.09 0.563 
0.450 
(80%) 
2.438 
2.654 
(109%) 
 
19 
(46%) 
14 
(34%) 
1b S0(Ag) → S2(Au) → S7(Ag)  0.12 1.724 
1.345 
(78%) 
2.904 
3.123 
(108%) 
 
133 
(99%) 
94 
(70%) 
2a S0(Ag) → S2(Au) → S7(Ag)  0.12 1.699 
1.293 
(76%) 
3.407 
3.127 
(92%) 
 
184 
(80%) 
90 
(40%) 
2b S0(Ag) → S2(Au) → S7(Ag)  0.13 2.354 
1.647 
(70%) 
3.486 
3.491 
(100%) 
 
285 
(82%) 
140 
(40%) 
Table 7. TPA cross-sections σ3LTPA (in GM) calculated within the three-level model for 1a, 1b, 2a and 2b using 
[a] the transition dipole moments calculated with DALTON11 (quadratic response) or using the transition dipole 
moments calculated from the TTDs. Percentages in parentheses refer to the contribution of σ3LTPA in comparison 
to σSOSTPA, calculated with the SOS method. [b] Truncated transition density (isosurfaces accounting for 80 % of 
the TTD). 
 
The transition dipole moments between excited states calculated with the quadratic 
response implemented in DALTON11 were found to be unphysical, when the intermediate 
state is very close to half the energy of the final state (eqn. 9: ΔE ≈ 0). For example, the 
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transition dipole moment between the first excited 1Bu state and the 2Ag state of 3 was 
calculated to be 2.888 a.u. in the x-direction and 11.090 a.u. in the y-direction for a difference 
between half the energy of the final 2Ag state and the energy of the intermediate 1Bu state of 
0.002 eV. The two latter excited states have one particle in common in their dominant mono-
excitations, namely 0.89 |H → L for the 1Bu state and 0.99 |H-2 → L for the 2Ag state. As 
these two mono-excitations have large coefficients, the TTD built from the multiplication of 
H by H-2 (Figure 11) is expected to yield the main contribution to the transition dipole 
moment between these two states. From eqn. 10, the x-component of the transition dipole 
moment is calculated to be 3.333 a.u., while the y-component value is 0.030 a.u. From these 
TTD-approximated transition dipole moment values, it is clear that the transition dipole 
moment calculated with DALTON11 along the y-direction is unphysical.  
The above example illustrates how the TTDs can help to check an ambiguous 
transition dipole moment value or to get a quick estimate of the transition dipole moment 
between two excited states. 
 
 
 
Figure 11.TTD related to the electronic transition between the 1Bu state and the 2Ag of 3. 
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4. Computational Details 
 
Geometries of the ground states were fully optimized at the B3PW91/6-31G** level 
using Gaussian09.[19] Vibrational analysis was performed at the same level as the geometry 
optimization in order to check the obtention of a minimum on the potential energy surface.  
Molecular orbitals and TTDs were plotted using GABEDIT.[20]  
Vertical excitations energies were subsequently calculated at various TDDFT levels 
using the 6-31G** basis set and Gaussian09.[31] Solvent effects were included using the 
polarizable continuum model (PCM) implemented in Gaussian09 for chloroform (e = 
4.7113).[31] 
MS-CASPT2 calculations were performed using MOLCAS-4.1,21 a level shift of 0.5, 
the atomic natural orbital ANO-S basis set22 contracted to [3s, 2p, 1d] for carbon and oxygen 
atoms and to [2s, 1p] for hydrogen atoms respectively.  
 
Truncated transition densities TTDs were calculated from the major excitations listed in 
the gaussian09 output file (threshold of 0.1 for the coefficients of each components). The 
product of molecular orbitals was performed using a home-made program (available on 
request) and Gaussian09 cube files (size-adapted to each compound). The TTDs are plotted 
using GABEDIT20 that allows the calculation of the corresponding (transition) dipole 
moments. 
 
5. Conclusion 
 
 The proposed characterization challenges and methodological approaches have met in 
synergy, providing decisive clues for the practical design of carbo-chromophores with 
optimized two-photons absorption properties. In a more general context, however, the TTD 
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method and the transition dipole moment visualization tool address the fundamental appraisal 
of the properties of organic chromophores in excited states. Although the exact limits and 
scopes remain uncertain, and will thus require further confrontation with experimental results, 
the disclosed results open new horizons for a more general rationale in the design of novel 
generations of non-linear chromophores. 
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Conclusion : article 2 
 
 Les densités de transition tronquées présentées ici, permettent de rationaliser les 
intensités des différentes bandes d’absorption à un photon, et les sections efficaces 
d’absorption à deux photons, de dérivés carbo-benzéniques. En vue de construire des 
molécules présentant des sections efficaces d’absorption à deux photons exaltées, il serait 
intéressant de découper ces densités de transition par fragments (noyau carbo-benzénique, 
différents substituants et unités C2 d’expansion) afin de déterminer des paramètres tels que 
l’influence de l’éloignement (par rapport au centre de la molécule) des différents fragments 
sur le recouvrement orbitalaire (valeur de la densité de transition). Ces deux paramètres étant 
essentiels d’un point de vue du moment dipolaire de transition. Il serait ainsi possible de 
déterminer les motifs d’expansion idéale (une ou plusieurs unités C2, ou phénylènes ou autre) 
et les motifs de substitution permettant d’augmenter les valeurs de moment dipolaire de 
transition. 
 Il serait intéressant d’améliorer le modèle permettant de décrire simplement les 
énergies relatives des quatre premiers états excités de des systèmes présentés ici. Un tel 
modèle permettrait de pouvoir ajuster les structures moléculaires pour obtenir des états 
intermédiaires pour l’ADP dans une gamme d’énergie optimale. 
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Analyse du transfert de charge dans les carbo-benzènes 
 
 Pour les besoin de nos objectifs de recherche, plusieurs outils d’analyse théorique du 
transfert de charge induit lors des transitions électroniques ont été utilisés : les Différences de 
Densités de Charge (CDD), les Orbitales Naturelles de Transition (NTO)1, les densités 
Detachment/Attachment2, la distance de transfert de charge DCT 3 et une approche permettant 
de séparer les densités de trou et de particule. Cette dernière méthode est présentée ci-dessous 
sur des dérivés carbo-benzéniques quadripolaires, ainsi que sur des complexes 
organométalliques traités dans la prochaine partie. Ces différents outils seront illustrés et 
comparés ci-dessous dans l’analyse du premier état excité du p-dianisyle-tétraformyle-carbo-
benzène (composé 3 de l’article précédent). 
  
 L’approche trou/particule utilisée consiste à générer la densité du trou, ρtSi, et celle de 
la particule, ρpSi, d’un état excité, Si , selon les équations suivantes : 
        (1) 
        (2) 
avec       
En théorie, les sommes se font sur toutes les mono-excitations depuis les orbitales 
occupées  vers les orbitales virtuelles  contribuant à la description de l’état excité Si 
avec les poids . En pratique, ici, seules les mono-excitations, X, (et « des-excitations », Y) 
avec un coefficient supérieur à 0.01 sont prises en compte. Cette approximation se justifie par 
le fait que la contribution à la densité (de trou ou de particule) d’une orbitale avec un 
coefficient inférieur à 0.01 sera inférieur à 0.01%. La différence de la densité de particule et 
de la densité de trou est égale à la différence de densité de charge (CDD) entre l’état excité Si, 
et l’état fondamental, S0 : 
       (3) 
 Ces densités ont été obtenues en utilisant le programme Dgrid4, en remplaçant les 
nombres d’occupation des OMs, initialement égaux à 0 ou 2 dans la structure électronique de 
l’état fondamental, par les valeurs de . Les résultats reportés ici ont été effectués au niveau 
TD-CAM-B3LYP/6-31G**. 
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 Le p-dianisyl-tétraformyl-carbo-benzène est un chromophore modèle dont le caractère 
D-π-A-π-D est fortement accentué par rapport au p-dianisyl-tetraphényl-carbo-benzène à 
cause de la substitution des groupements phényles par des groupements aldéhydes beaucoup 
plus attracteurs, Il est raisonnable d’envisager un transfert de charge des groupements 
anisyles, D, vers les groupements aldéhydes, A. Pour les dérivés carbo-benzéniques 
quadripolaires, plusieurs questions se posent pour visualiser et quantifier le transfert de charge 
induit lors d’une excitation : quelle méthode de visualisation est la mieux adaptée pour en 
rendre compte ; et comment traiter la centro-symétrie qui ne permet pas de déterminer, par 
exemple, le barycentre des charges positives ou négatives des CDD, des densités 
Detachment/Attachment, ou celui des trous/particules ? 
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Tableau 1. Différentes visualisations du transfert de charge induit par la transition S0S1 de 3. Pour les orbitales 
moléculaires (MOs), les NTOs et la CDD, les contours rouges (resp. bleus) représentent les valeurs négatives (resp. positives) 
de phase ou de densité de charge. Toutes les isosurfaces (CDD, Detachment/Attachment et Trou-Particule) contiennent 80% 
de la densité. 
 Les résultats obtenus avec ces différentes méthodes sont réunis dans le Tableau 1. La 
mono-excitation dominante |H  L (0.89) suggère un transfert de charge des extrémités 
anisyles vers les groupements aldéhydes, alors que la deuxième mono-excitation |HOMO-1 
 LUMO+1 (-0.45)  suggère un transfert de charge en sens inverse. Par contre, la première 
excitation est prédominante sur la seconde, car du point de vue des densités (trou et particule), 
elle contribue pour près de 80% alors que la seconde pour seulement environ 20%. On peut 
aussi voir que le noyau carbo-benzénique joue un rôle prédominant dans cette transition car 
ces quatre OMs frontières sont essentiellement localisées sur ce macrocycle. Il est assez clair 
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que l’approche NTO n’apporte aucune information supplémentaire par rapport à l’analyse 
orbitalaire dans ce cas.  
 La différence de densité de charge entre S1 et l’état fondamental n’est pas simple à 
analyser. En ne considérant que le système πz des groupements anisyles et aldéhydes, la 
densité électronique diminue dans les premiers et augmente dans les seconds, ce qui va bien 
dans le sens du transfert de charge attendu (D  A). Il n’est par contre pas possible de 
déterminer si ce transfert de charge est le phénomène dominant par rapport à un transfert de 
charge de type D  πcbz (système π du noyau carbo-benzénique), πcbz  πcbz ou πcbz  A. 
Une méthode d’analyse des différences de densités proposée par Le Bahers et al. 3 consiste à 
déterminer la distance DCT, entre les barycentres de la densité de charge positive (« particule 
») et de la densité de charge négative (« trou »), la quantité de charge transférée, qCT, ainsi que 
la variation du moment dipolaire entre les deux états, μCT (quantité égale à DCTqCT). Si cette 
analyse peut être faite directement sur un système dipolaire, elle ne peut l’être qu’en 
découpant le système quadripolaire en quatre parties et selon deux plans perpendiculaires 
(voir Tableau 1) et calculant les DCT et qCT de chaque partie. Les valeurs moyennées sur les 
quatre parties équivalentes deux à deux par symétrie (C2h), sont données dans le Tableau 1. La 
valeur de qCT permet de déterminer la quantité de charge qui s’est déplacée au sein de la 
molécule. La valeur de 0.20 est faible, elle indique que 80% de la charge n’a pas bougé. Dans 
chaque quartier, la variation de moment dipolaire entre l’état excité et l’état fondamental, μCT, 
est dirigée des extrémités anisyles vers les atomes de carbone du macrocycle portant les 
substituants aldéhydes (Tableau 1), ce qui permet de confirmer le rôle de donneur des 
extrémités anisyles, mais ne permet pas de trancher clairement entre un transfert de type D  
A ou D  πcbz. 
 Les méthodes des densités Detachment/Attachment et de trou/particule sont très 
proches par construction et donnent sans surprise des résultats très similaires. Dans les deux 
cas, les densités de trou et de détachement sont localisées comme la HOMO, les densités de 
particule et d’attachement sont localisées dans les mêmes zones que la LUMO, comme 
attendu au vu des coefficients des mono-excitations mentionnées précédemment. Un 
découpage des densités de trou et de particule a été effectué (Tableau 1) pour rendre compte 
des variations de densité entre l’état S1 et l’état fondamental au niveau des différents 
groupements, anisyles (An), aldéhyde (CHO) et carbo-benzénique (cbz). Ce découpage, sans 
être arbitraire, n’est certainement pas idéal mais permet tout de même d’avoir une bonne 
appréciation des variations de densité induites localement par l’excitation électronique. Tout 
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d’abord, cette approche confirme que les anisyles sont bien les groupements donneurs dans 
cette transition électronique. Ensuite, elle montre que la variation de densité au niveau des 
groupements aldéhydes est presque identique à celle du noyau carbo-benzénique 
(respectivement 0.13e et 0.11e). Le transfert de charge induit par la transition électronique S0 
  S1, se fait environ pour moitié vers le macrocycle (cbz) et pour moitié vers les 
groupements aldéhydes (CHO) est donc du type        . Le carbo-benzène 
joue donc aussi le rôle d’accepteur vis à vis du groupement anisyle et ne peut donc pas être 
réduit à un pont π-conjugué « neutre » entre un donneur et un accepteur. 
 Cette analyse pourra être effectuée sur les autres états excités du chromophore 3 et sur 
d’autres dérivés carbo-benzéniques portant différents substituants donneurs et accepteurs. La 
palette d’outils qui a été utilisée dans ce travail préliminaire, a permis de définir une stratégie 
d’analyse du transfert de charge qui pourra être appliquée à tous les systèmes quadripolaires. 
En effet, la méthode des densités de trou/particule suivie du bilan des transfert de charge par 
fragments, de par sa simplicité de mise en œuvre et les informations qu’elle fournit, semble 
être bien adaptée à l’étude de ces systèmes centro-symétriques. 
 Cette même approche trou/particule sera utilisée dans le chapitre suivant, pour 
analyser le caractère transfert de charge des états excités de complexes organométalliques 
dipolaires de type D-M-A. 
 
 
 
 
                                                
1 R. L. Martin, J. Chem. Phys. 2003, 118, 4775−4777. 
2 (a) M. Heat-Gordon, A. M. Graña, D. Maurice, C. A. White, J.  Phys. Chem. 1995, 99, 
14261-14270. (b) T. Etienne, X. Assfeld, A. Monari, J. Chem. Theory Comput. 2014, 10, 
3896-3905. (c) T. Etienne, X. Assfeld, A. Monari, J. Chem. Theory Comput. 2014, 10, 3906-
3914. (d) Nancy-EX code : http://sourceforge.net/projects/nancyex/files/  
3 T. Le Bahers, C. Adamo, I. Ciofini, J. Chem. Theory Comput. 2011, 7, 2498-2506. 
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Palladium(II) complex of the chelating donor-
acceptor  
NHC-imidazoliophosphine ligand: towards 
organic chromophore mimics 
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Introduction : article 3 
 
 Une partie du prochain article soumis à Eur. J. Inorg. Chem. et tout récemment 
accepté moyennat révisions mineures, est consacrée à l’étude spectroscopique de complexes 
de palladium(II) synthétisés dans l’équipe. Contrairement aux chromophores organiques 
quadripolaires exposés jusqu’à présent, il s’agit ici de complexes organométalliques 
dipolaires, de type « push-pull », LD-M-LA, analogues aux systèmes organiques D-π-A, où le 
métal pourrait jouer le rôle du pont π-conjuguant et les ligands le rôle du donneur (D) et de 
l’accepteur (A). Dans le complexe 7, construit sur ce modèle, le centre Pd(II) est lié au ligand 
neutre imidazol-2-ylidène riche en électrons et σ-donneur (de la catégorie des carbènes N-
hétérocycliques « NHC »), qui serait le donneur D, tandis que l’accepteur A, serait le ligand 
phosphoré cationique N’-methyl-N-phénylimidazoliophosphine 4, dont le caractère pauvre en 
électrons et a priori π-accepteur a été récemment mis en lumière.1 Ses propriétés d’absorption 
à un photon ont été comparées à celles du complexe neutre parent, où l’accepteur serait le 
ligand N’-diméthyle N-phénylimidazolophosphine, 5, neutre et malgré tout considéré 
généralement comme relativement "pauvre en électron" aussi. 
  
 Les états excités de ces complexes ont été étudiés au niveau TD-B3LYP/TZP, dans un 
premier temps dans le vide, puis avec un modèle de solvant de type COSMO pour le 
dichlorométhane. Comme le montrent les spectres d’absorption calculés (Figure 1), 
l’influence du solvant (CH2Cl2, ϵ = 8,93) est très importante pour le complexe cationique. Par 
ailleurs, les spectres calculés en incluant le solvant sont plus proches des spectres 
expérimentaux, que ceux calculés dans le vide. L’analyse des états excités a donc toujours été 
faite à ce niveau de calcul. 
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Figure 7. Spectres d’absorption de 7 calculés au niveau TD-B3LYP/TZP (bleu) et COSMO-TD-B3LYP/TZP (orange) (ϵ = 
8,93). Dans les deux cas 30 états excités ont été calculés. Une forme gaussienne de largeur à mi-hauteur de 0,4 eV a été 
utilisée pour simuler la largeur de bande expérimentale.  
 L’analyse du transfert de charge a tout d’abord été envisagée au moyen des différences 
de densité de charge (CDD) entre les états excités et l’état fondamental. A l’instar des noyaux 
carbo-benzéniques vus précédemment, l’atome de palladium, ou plus précisément le motif 
PdCl2, ne se cantonne pas à un simple rôle de pont mais peut être impliqué à la fois comme 
donneur et comme accepteur dans une même excitation (exemple du Tableau 1 ci-dessous). 
La méthode des CDD ne permet pas une analyse précise des transferts de charge, lorsque le 
recouvrement entre le trou et la particule est important. C’est pourquoi la méthode des 
densités de trou/particule (T/P) a été préférée pour cette étude. 
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1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 
Tableau 1. Transfert de charge impliqué dans l’état excité S7 du complexe 7 par CDD (en haut) et par la méthode 
trou/particule (en bas). Les isocontours rouges représentent les trous et les verts les particules, et incorporent 75% de la 
charge. 
 
 
 
 
                                                
1 C. Maaliki, C. Lepetit, Y. Canac, C. Bijani, C. Duhayon, R. Chauvin, Chem. Eur. J. 2012, 
18, 7705-7714. 
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Article 3 
 
Soumis à European Journal of Inorganic Chemistry 
GRAPHICAL ABSTRACT 
 
 
 
 
N-methylation of a neutral NHC-imidazolophosphine ligand chelating a PdCl2 fragment 
affords a globally isosteric cationic push-pull complex exhibiting low energy charge transfer 
excited states of the LD[M]LACT type. 
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A push-pull Pd(II) complex with a ternary Pd-P-C+ accepting end: 
the NHC-imidazoliophosphine ligand key 
 
Laurent Dubrulle,a,b Corentin Poidevin,a,b Carine Maaliki,a,b Yves Canac,a,b Christine 
Lepetit,a,b Carine Duhayon,a,b Remi Chauvin*a,b 
 
[a] CNRS, LCC (Laboratoire de Chimie de Coordination), 205, route de Narbonne, BP 44099, 
F-31077 Toulouse Cedex 4, France. Fax: (+33)5 61 55 30 03. 
[b] Université de Toulouse, UPS, INPT, F-31077 Toulouse, Cedex 4, France. 
E-mail: chauvin@lcc-toulouse.fr 
 
Abstract. Neutral and cationic PdCl2 complexes based on the neutral frame of a cis-chelating 
NHC-imidazolophosphine ligand involving an o-phenylene bridge, have been devised for 
comparison of their relative push-pull character. Both targets, globally isosteric in the Pd 
coordination sphere, have been prepared in 58-68 % yield by direct coordination of the 
corresponding cis-chelating NHC-imidazol(i)ophosphine “free ligands”, or by extrusion of a 
Ph2P+ phosphenium moiety from imidazoliophosphine Pd(II) complex precursors. The 
cationic complex has also been obtained in 64 % yield by selective N-methylation of the 
neutral counterpart. The charge transfer from the NHC donating end (LD) to the 
imidazol(i)ophosphine accepting end (LA) has been investigated by electronic spectroscopy 
and by calculations of the first excited states at the TD-DFT level. While all the excitations 
involving the LD and LA ends of the neutral complex converge to the Pd center, the excited 
states⏐S7> (305 nm) and ⏐S8> (303 nm) of the cationic complex exhibit a net LD[M]LACT 
character, which is clearly visualized by particle-hole density analysis. The push-pull complex 
involving a Pd-P-C+ π-accepting end is regarded as a “ternary” counterpart of “binary” 
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phosphine-borane complexes involving two-center Pd-B σ-accepting ends. 
 
Keywords. Amidiniophosphine / Charge transfer / Donor-acceptor complexes / NHC / 
Palladium. 
Introduction 
Long range charge transfer in push-pull organic chromophores generally involves π-
conjugated pathways. A draining shortcut between the donor and acceptor termini can 
however be established by co-coordination of the latters to a “σ/π/δ-conducting” metallic 
center. The nature of the coordinating moities plays here a crucial role, which can be first 
appraised within the framework of the Green formalism.[1] Chelating donor-acceptor ligands 
are thus typically of the (L,Z) type, combining a group 15 L-type donor with a group 13 Z-
type acceptor, namely based on a Lewis acid-base pair.[2] Prototypes of such ambiphiles are 
phosphine-borane and phosphine-alane ligands, requiring suited strategies to assemble the 
antagonist coordinating ends.[3,4] Beyond group 13 Lewis acids, heavier unsaturated group 15 
centers have been recently shown to also behave as Z-type σ-acceptors.[5,6] Given a L-type σ-
donor, one may envisage to change the purely σ-accepting Z end by a L-Z local hybrid, where 
an intrinsic π-accepting center is in α-position from a σ-donating center directly bonded to the 
metal. For this purpose, imidazoliophosphines featuring a N2C+ diaminocarbenium center 
adjacent to a P(III) atom are attractive natural candidates. These α-cationic P ligands have 
indeed been shown to behave as NHC-phosphenium adducts with poor σ-donating and strong 
π-accepting abilities,7 while preserving coordinating ability,[8] similar to that of classical 
neutral electron-poor ligands such as phosphi(oni)tes[9] or fluorophosphines.[10] 
Bidentate ligands based on an o-phenylene bridge and combining an electron-poor 
imidazoliophosphine end with an electron-rich N-heterocyclic carbene (NHC) end, known as 
strongly σ-donating,[11] should a priori result in metal complexes with a sizeable dipolar 
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character (Scheme 1). The aromaticity of the bridge is expected to favor the above-invoked 
shortcut of charge transfer through the metallic center, with the associated prospects of 
applications.[12] In cationic (L,L-Z) chelates, charge transfer of the “LD[M]LACT” type, i.e. 
from the NHC donating end (LD) to the cationic accepting end (LA), can span the three centers 
of the Pd-P-C+ unit. Refereing to a previously employed terminology,[7b] it can thus be 
regarded as a “ternary” version of “binary” charge transfers in push-pull (L,Z) chelates 
involving the two centers of metal-boron accepting ends  (Scheme 1). 
N
C
N
P
N
N
C [M]P B[M] ••
binary back donation to boron ternary back-donation to NHC-phosphenium  
Scheme 1. Push-pull metal complexes of the binary (L,Z) type (left), and ternary (L,L-Z) type 
(right). 
 
Results and Discussion 
The frame imidazolophosphine 2 was prepared in 61 % yield from 1,2-bis(N-
imidazolyl)benzene 1,[ 13 a] following recently described procedures for a related 
monophosphine and oxide derivatives thereof,[13b] or diphosphines devised as chelating 
ligands of Rh(I) and Pd(II) centers (Scheme 2).[14,15]  Subsequent addition of one or two 
equivalents of methyl triflate (MeOTf) allowed isolation of the monocationic or dicationic 
phosphines 3 and 4 in 84 or 91 % yield, respectively. No P-methylated product was identified 
in the reaction mixture, and the relative NMR deshielding of the 31P nucleus of 4 (δP = –22.6 
ppm) with respect to 2 (δP = –30.6 ppm) and 3 (δP = –33.8 ppm) indicates that the second N-
methylation took place at the P-imidazolyl moiety. The presence of two N-CH3 groups in the 
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dication 4 was confirmed by two 1H NMR resonances at δH = +3.41 and +3.80 ppm (for the 
monocation 3, a single 1H NMR signal was observed at δH = 3.41 ppm). 
N
N
PPh2
N
N
N
N
PPh2
N
N
Me
N
N
N
N
1) n-BuLi
2) ClPPh2
61 %
2 TfO
N
N
PPh2
N
N
Me Me
TfO
2 MeOTf
MeOTf
91 %
84 %
1 2
3
4
H H
H
H
H
 
Scheme 2. Preparation of the monophosphines 2, 3, and 4 through selective C-
phosphinylation and N-methylation from 1,2-bis(N-imidazolyl)benzene 1. 
 
The structure of the monophosphines 2, 3 and 4 were confirmed by X-ray diffraction 
analysis of colorless single crystals (Figure 1).[16] 
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Figure 1. ORTEP views of X-ray crystal structures of the monophosphines 2, 3 and 4 
(Scheme 2), with thermal ellipsoids drawn at the 30 % probability level (for clarity, the H 
atoms and triflate anions of 3 and 4, are omitted). Selected bond distances (Å) and angles (°). 
2: N1–C1 1.3246(14), N4–C10 1.3118(17), C1–P1 1.8234(11), N1–C1–N2 110.33(9), N4–C10–N3 112.20(12), 
N1–C1–P1 128.77(8). 3: N1–C1 1.3177(18), N4–C10 1 .3246(18), C1–P1 1.8221(13), N1–C1–N2 110.87(12), 
N4–C10–N3 108.13(12), N1–C1–P1 125.93(10). 4: N1–C1 1.347(3), N4–C10 1.318(3), C1–P1 1.831(2), N1–
C1–N2 106.0(2), N4–C10–N3 108.4(2), N1–C1–P1 132.73(18). 
 
Treatment of the imidazolophosphine 3 with a stoichiometric amount of t-BuOK in the 
presence of one equivalent of PdCl2(MeCN)2 in THF afforded the corresponding NHC-
phosphine-PdCl2 complex 5 in 58 % yield (Scheme 3). The same complex 5 was also 
obtained in 68 % yield from the PdCl2 complex 6 of the cis-chelating imidazolophosphine-
imidazoliophosphine ligand:[15] as recently reported for related imidazoliophosphine 
complexes,[17] selective cleavage of the N2C+–P bond by the chloride anion of [Et4N][Cl] was 
triggered by heating a solution of 6 in MeCN.  
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6
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Scheme 3. Preparation of the neutral complex 5 from the cationic monophosphine 3 or 
diphosphine complex 6. 
 
The 31P and  13C NMR spectra of 5 display single signals at δp = +11.2 ppm and δC = 
+163.1 ppm, respectively, in the typical ranges for carbene-Pd-phosphine complexes.[18] The 
exact structure of 5 was determined by X-ray diffraction analysis of yellow single crystals 
deposited from CH2Cl2 at room temperature (Figure 2).[16] The Pd(II) atom is located in a 
“square-planar“ environment (with a sum of the bond angles at the Pd center of Σ° = 359.9°), 
where the NHC-phosphine ligand acts in a cis-chelating manner (C–Pd–P = 92.7°). The Pd–C 
[1.972(2) Å] and Pd–P [2.2308(6) Å] bond distances are in the classical ranges for Pd-NHC 
and Pd-phosphine complexes, respectively.[19] The eight-membered palladacycle adopts a 
boat-shaped conformation, with the prow occupied by the Pd-atom and the stern by the 
phenylene bridge, as previously observed in related Pd and Rh complexes.[20] 
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Figure 2. ORTEP view of the X-ray crystal structure of neutral Pd(II) complex 5 (Scheme 3), 
with thermal ellipsoids drawn at the 30 % probability level (for clarity, the H atoms are 
omitted). Selected bond distances (Å) and angles (°): C1–Pd1 1.972(2), C10–P1 1.822(2), N1–C1 
1.352(3), N4–C10 1.320(3), P1–Pd1 2.2308(6), Pd1–Cl1 2.3501(7), Pd1–Cl2 2.3344(6), C1–Pd1–P1 92.69(7), 
C1–Pd1–Cl2 177.53(7), P1–Pd1–Cl1 178.54(3), Cl1–Pd–Cl2 92.38(3). 
 
As imidazolophosphines are known to act as particularly “electron-poor” phosphane 
ligands,21 the complex 5 exhibits a nascent push-pull character, which should be enhanced by 
converting the neutral imidazolophosphine end to a cationic imidazoliophosphine end. For 
this purpose, addition of a stoichiometric amount of PdCl2(MeCN)2 to the 
imidazoliophosphine 4 in the presence of NEt3 led to the cationic Pd complex 7 in 59 % yield. 
This complex 7 was also obtained in 64 % yield by N-methylation of the neutral complex 5 
with MeOTf. The same complex 7 was alternatively isolated in 67 % yield through selective 
cleavage of one of the two N2C+–P bonds of the bis-imidazoliophosphine-PdCl2 complex 8 
(Scheme 4).[15] Extrusion of the phosphenium coordinating group was triggered by addition of 
a stoichiometric amount of n-BuLi (instead of the formerly reported use of Cl– as a much 
weaker nucleophile).[17] 
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Scheme 4. Versatile preparation of the cationic dipolar complex 7 from the dicationic mono-
phosphine 4, the neutral complex 5, or the dicationic complex 8. 
 
The proposed structure 7 is compatible with the 31P NMR signal  (δp = +21.8 ppm), the two 
1H NMR singlets integrating for two methyl groups (δH = +3.12 and +4.18 ppm), and the 13C 
NMR signature of the NHC ligand (δC = +160.1 ppm). The structure was also supported by 
ESI mass spectrometry (m/z = 601.0 [M+]), but all attempts at growing high quality single 
crystals were unsuccessful.  
DFT studies of the complex 7 were then undertaken at the COSMO-PBE/TZP level of 
calculation (CH2Cl2 medium, ε = 8.93). This level was first validated by a reasonable 
agreement between the optimized and experimental geometries for the complex 5 (Figure 3 
and Table S1 in the S. I.). The bite angles of the NHC-imidazol(i)ophosphine ligands in 5 (ca. 
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92.2°) and 7 (C–Pd–P = 95.5°) are of the same order of magnitude. N-quaternization of 5 
results in a lengthening of the P–C bond (1.863 Å in 7, vs 1.831 Å in 5), which is interpreted 
as the signature of the dative nature of the N2C–Ph2P+ bond in 7.[8f,17d] In contrast, no 
difference is observed for the Pd–P bond lengths (2.278 Å in 7 vs 2.280 Å in 5). While the 
Pd–Cl bond has virtually the same length in trans position to the C atom (2.389 Å in 7 vs 
2.395 Å in 5), it undergoes a 0.024 Å shortening in trans position to the P(+) atom (2.382 Å in 
7 vs 2.406 Å in 5). Assuming that the positive phosphenium charge makes the P-atom harder 
in 7 than in 5, this is consistent with an anti-symbiotic effect accounting for the trans 
influence at soft metal centers (referred to “class b” metal atoms such as Pd(II)).[22] In a 
prebonding HSAB analysis, indeed, the harder P-atom tend to bring closer the trans-
coordinating soft Cl– ligand.[23] 
 
Figure 3. Optimized geometries of neutral and cationic Pd complexes 5 (left) and 7 (right), 
respectively (Scheme 4). COSMO-PBE/TZP level of calculation (CH2Cl2 medium, ε = 8.93). 
Bond lengths in Å, valence angles in degrees (for further details, see Table S1 in the S. I.). 
 
 In typical push-pull chromophores,[12] the highest occupied molecular orbital (HOMO) 
and lowest unoccupied molecular orbital (LUMO) are polarized to the donor and acceptor 
ends, respectively. This picture also occurs for the Pd complexes 5 and 7 (Figure 4 and Table 
S2 in the S. I.). A contribution of the filled π-orbitals of the NHC ligand is indeed found in the 
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HOMO–1 of 5 (quasi-degenerate with the HOMO) and in the HOMO of 7, while a 
contribution of the empty π-orbitals of the imidazoliophosphine is visible in the LUMO+1 of 
7 (Figure 4). In both complexes, however, the HOMOs and LUMOs involve also large 
contributions of the PdCl2 core orbitals, questioning the extent of electronic transitions of the 
L[M]LCT type within the first excited states. 
eV
-1.3
-2 .0
-2.7
-3.4
-4.1
-4.8
-5.5
-6.2
-6 .9
-7 .6
HOMO
-6.66 eV
HOMO-1
-6.79 eV
LUMO
-2.14 eV
HOMO
-7 .21 eV
LUMO+1
-2 .47 eV
LUMO
-2.82 eV
PdCl2
PdCl2
Figure 4. Near-frontier molecular orbitals of the Pd complexes 5 (left) and 7 (right) shown in 
Scheme 4. B3LYP/TZP level of calculation (CH2Cl2 medium, ε = 8.93).  
 
The first excited states of the Pd complexes 5 and 7 were calculated at the COSMO-TD-
B3LYP/TZP level of calculation (CH2Cl2 medium, ε = 8.93; Tables S3 and S4 in the S. I.). 
Hybrid functionals have indeed been reported to be more suitable than generalized gradient 
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approximations (GGAs, such as PBE) for the description of excited states.[ 24 ]  The 
corresponding electronic transitions were then analysed using a particle-hole approach, which 
proved helpful for both the assignment of UV-visible absorption spectra and charge transfer 
analysis.  
The calculated UV-visible absorption spectra of the complexes 5 and 7 are in reasonable 
agreement with the experimental ones, just slightly red-shifted for 5 and blue-shifted for 7 
(Figures 5 and 6). In both cases, the strong broad absorption band at ca 230-250 nm arises 
from the superimposition of several electronic transitions attributed to the o-phenylene bridge 
or/and to the P-phenyl substituents. The shoulders calculated at 284, 298 and 371 nm for the 
neutral complex 5 are respectively related to the excited states ⏐S8>, ⏐S7> and ⏐S1>, which 
mainly involve excitations from the PdCl2 fragment to the Pd atom (Table S3 in the S. I.). In 
contrast, the bands calculated at 289 and 316 nm for the cationic Pd complex 7, related to the 
excited states⏐S6> and⏐S11>, correspond to excitations from the PdCl2 core to the accepting 
imidazoliophosphine end (Table S4 in the S. I.). The charge transfer orientation from the 
PdCl2 core to the imidazol(i)ophosphine ends reflects the nature of the first excited states.  
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Figure 5. Experimental (solid line) and calculated (dashed line) absorption spectra of the neutral Pd 
complex 5 (Schemes 3-4). COSMO-TD-B3LYP/TZP level of calculation (CH2Cl2 , ε = 8.93).
Simulation of calculated spectra using a gaussian shape of the absorption bands with a FWHM of 0.4 
eV. 
 
Figure 6. Experimental (solid line) and calculated (dashed line) absorption spectra of the cationic 
complex 7 (Scheme 4). COSMO-TD-B3LYP/TZP level of calculation (CH2Cl2 medium, ε = 8.93).
Simulation of calculated spectra using a gaussian shape of the absorption bands with a FWHM of 0.4 
eV. Particle-hole densities of the excited states⏐S2> and ⏐S7> of 7. The black dotted isosurface refers 
to the holes and the red one to the electrons. 
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The charge transfers of the first excited states (up to⏐S10>) was then analyzed in detail. 
In the neutral complex 5, as already mentioned for⏐S1>, ⏐S7>, and ⏐S8>, all the other 
states involve also excitations from MOs strongly localized on thePdCl2 core to the LUMO 
localized on the Pd atom. The absence of excited states of the pure LA[M]LDCT-type can be 
assigned to the weak difference in donating character of the two coordinating ends of the C,P-
chelating ligand. 
In the cationic complex 7, the first excited states (up to ⏐S6>) are also combinations of 
excitations from HOMOs involving contributions from the NHC and PdCl2 moieties, to the 
LUMO also exhibiting a sizeable weight of Pd d orbitals. This is illustrated for ⏐S2> (376 nm) 
in Figure 6. At variance with the neutral complex 5, the higher quasi-degenerate excited states 
⏐S7> (305 nm) and ⏐S8> (303 nm) of 7 involve excitations from NHC-centered MOs to 
imidazoliophosphine-centered MOs  (Figure 6 and S. I.). The particle-hole density analysis 
also illustrates how the charge transfer occurs via the metal center, the o-phenylene moiety 
playing the role of a passive insulating bridge. Given the electron-donating NHC reference in 
both complexes 5 and 7, the unique LD[M]LACTs of ⏐S7> and ⏐S8> in 7 results from the 
phosphenium positive charge brought by N-methylation of 5. 
 
Conclusion 
 In the complex 7, charge transfers have been shown to occcur through the three centers of 
the Pd-P-C+ accepting end of the chelating NHC-imidazolio-phosphine ligand derived from 4. 
As proposed in the introduction, this push-pull  ligand is thus demonstrated to be of the 
ternary type (Scheme 1). With respect to the neutral precursor 5, the LD[M]LACT character of 
excited states of 7 has been established by TD-DFT calculations in the S7> and⏐S8> excited 
states. Sizeable contributions of the PdCl2 core in the near-frontier MOs suggests further 
efforts for the design of transition metal complexes of stronger push-pull character. While the 
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α-cationic imidazoliophosphine moiety can be already considered as an extreme possibility 
on the electron-accepting side, more electron-rich neutral moities, like phosphonium 
ylides,[20b] thus deserve to be envisaged on the donating side. More generally, the search for 
novel generations of organometallic chromophores exhibiting LD[M]LACT character, e.g. of 
the above-disclosed ternary type, deserve continuing consideration from both the standpoints 
of fundamental issues in coordination chemistry and prospects of applications in linear or 
non-linear optics. 
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Computational details 
 Calculations were performed using the ADF2013 package.[25] Geometries of the 
ground state of the palladium complexes were fully optimized using the PBE functional in 
combination with Slater-type (STO) all-electron basis sets of TZP quality including scalar 
relativistic effects.[26] Vibrational analysis was performed at the same level as the geometry 
optimization. Solvent effects were included using the conductor-like screening model 
(COSMO)[27] implemented in ADF 2013.[29] Vertical excitations energies were subsequently 
calculated at the TD-B3LYP/TZP level. The nature of the electronic transitions was 
investigated using a particle-hole approach. For each excited state Si, defined by a linear 
combination of single excitations, the density of particle ρSiparticle  and the density of hole 
ρSihole calculated from the following equations: 
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    ρSiparticle =
 
 
∑
k
   wk2  |φvk |2   (eqn. 1) 
    ρ Sihole =
  
 
∑
k
  wk2  |φ0k|2    (eqn. 2) 
 
 In (eqn. 1) and (eqn. 2), the summation run over all the single excitations from the 
occupied molecular orbitals φ0k to the unoccupied molecular orbitals φvk contributing to the 
description of the excited state Si with the respective weights wk2. This picture of the 
electronic transition is similar to the one given by the natural transition orbital (NTO) 
analysis,[28] but it has the advantage to be always restricted to one particle-hole couple, while 
several NTO particle-hole couples can be required to describe the electronic transition. 
Substracting ρSiparticle  to ρ
Si
hole  yields the charge density difference (CDD), i.e. the total 
density difference between the excited state Si and the ground state. CDD was not helpful in 
this work where the overlap between the particle and the hole was not negligible. The 
particle/hole densities were obtained using Dgrid,[29] and the isodensity surfaces were plotted 
using GABEDIT.[30] Visualization of the molecular orbitals was performed using ADF-GUI 
interface.[29] 
 
 
Experimental Section 
General remarks. THF, diethyl ether and toluene were dried and distilled over 
sodium/benzophenone, pentane, dichloromethane and acetonitrile over CaH2. All other 
reagents were used as commercially available. All reactions were carried out under argon 
atmosphere, using schlenk and vacuum line techniques. Column chromatography was carried 
out on silica gel (60 Å, C.C 70-200 µm). The following analytical instruments were used. 1H, 
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13C and 31P NMR: Bruker ARX 250, DPX 300, AV 500. NMR chemical shifts δ are in ppm, 
with positive values to high frequency relative to the tetramethylsilane reference for 1H and 
13C and to H3PO4 for 31P. Mass spectra were obtained on a Perkin Elmer Sciex spectrometer 
(MS/MS API-365), and UV-visible spectra on a spectrometer Perkin-Elmer UV-Vis Win-Lab 
Lambda 35. The starting material 1-[2-(1H-imidazol-1-yl)phenyl]-1H-imidazole 1 was 
prepared according to a known procedure.[13a] The palladium dichloride complexes 6 and 8 
were synthesized as recently described.[15] 
 
2-(diphenylphosphanyl)-1-[2-(1H-imidazol-1-yl)phenyl]-1H-imidazole 2. To a solution of 
1-[2-(1H-imidazol-1-yl)phenyl]-1H-imidazole 1 (500 mg, 2.38 mmol) in THF (40 mL) cooled 
to −78°C was added n-BuLi (2.5 M in hexane, 0.98 mL, 2.40 mmol). The suspension was 
then warmed to −20°C and stirred for 2 h. After addition of ClPPh2 (474 µL, 2.60 mmol) at 
−20°C, the solution was stirred at room temperature for 3 h. After evaporation of the solvent 
under vacuum, purification by chromatography on silica gel (CH2Cl2/EtOAc) of the residue 
gave 2 as a white solid (0.57 g, 61 %). Recrystallization from CH2Cl2/Et2O at −20°C afforded 
2 as colorless crystals. 1H NMR (CDCl3, 298 K): δ 7.57 (brt, J = 7.3 Hz, 1H, Har), 7.49-7.19 
(m, 15H, Har), 7.04 (brs, 1H, Har), 6.97 (brs, 1H, Har), 6.68 (brs, 1H, Har). 13C NMR (CDCl3, 
298 K): δ 147.7 (d, JCP = 7.7 Hz, C), 136.7 (CH), 134.6 (d, JCP = 3.8 Hz, C), 134.1 (C), 133.7 
(d, JCP = 20.6 Hz, CHar), 132.4 (CHar), 131.9 (C), 130.6 (CHar), 130.1 (CHar), 129.9 (d, JCP = 
3.4 Hz, CHar), 129.2 (CHar), 128.6 (CHar), 128.5 (d, JCP = 7.6 Hz, CHar), 126.2 (CHar), 123.6 
(CHar), 119.1 (CHar). 31P NMR (CDCl3, 298 K): δ −30.6 ppm (s). MS (ESI+): m/z: 395.1 
[M+H]+. HRMS (ESI+): m/z: calcd for C24H20N4P, 395.1426; found, 395.1427. UV-vis 
(CH2Cl2): max = 230.9 nm. 
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1-{2-[2-(diphenylphosphanyl)-1H-imidazol-1-yl]phenyl}-3-methyl-1H-imidazol-3-ium 
trifluoromethanesulfonate 3. To a solution of 2 (100 mg, 0.245 mmol) in CH2Cl2 (6.0 mL) 
cooled at −78°C was added MeOTf (28 µL, 0.245 mmol). The solution was warmed to room 
temperature and stirred for 2 h. After evaporation of the solvent under vacuum, the residue 
was washed with Et2O (5.0 mL), affording a white solid (0.12 g, 84 %). Recrystallization 
from MeCN/Et2O at −20°C gave 3 as colorless crystals. 1H NMR (CD3CN, 298 K): δ 8.51 (s, 
1H, Har), 7.81-7.78 (m, 1H, Har), 7.74-7.65 (m, 2H, Har), 7.53-7.48 (m, 2H, Har), 7.44-7.22 (m, 
11H, Har), 7.14 (t, J = 1.2 Hz, 1H, Har), 7.00 (t, J = 1.2 Hz, 1H, Har), 3.58 (s, 3H, CH3). 
13C NMR (CD3CN, 298 K): δ 146.6 (d, JCP = 4.7 Hz, C), 136.6 (CHar), 133.4 (brs, C), 132.4 
(C), 132.2 (d, JCP = 1.7 Hz, CHar), 131.8 (CHar), 131.4 (C), 131.3 (CHar), 130.4 (d, JCP = 1.8 
Hz, CHar), 129.5 (CHar), 128.6 (d, JCP = 7.9 Hz, CHar), 126.8 (CHar), 125.2 (CHar), 124.1 
(CHar), 122.6 (CHar), 120.6 (q, JCF = 319.5 Hz, CF3SO3), 36.2 (CH3). 31P NMR (CD3CN, 298 
K): δ −33.8 ppm. MS (ESI+): m/z: 409.1 [M]+. HRMS (ESI+): m/z: calcd for C25H22N4P, 
409.1582; found, 409.1580. UV-vis (CH2Cl2): max = 221.1 nm. 
 
2-(diphenylphosphanyl)-3-methyl-1-[2-(3-methyl-1H-imidazol-3-ium-1-yl)phenyl]-1H-
imidazol-3-ium bis(trifluoromethanesulfonate) 4. To a solution of 2 (580 mg, 1.47 mmol) 
in CH2Cl2 (20.0 mL) cooled at −78°C was added MeOTf (323 µL, 2.94 mmol). The solution 
was warmed to room temperature and stirred for 4 h. After evaporation of the solvent under 
vacuum, the residue was washed with Et2O (20.0 mL), affording a white solid (0.77 g, 91 %). 
Recrystallization from MeCN/Et2O at −20°C afforded 4 as white crystals. 1H NMR (CD3CN, 
298 K): δ 8.59 (s, 1H, Har), 8.00 (t, J = 1.5 Hz, 1H, Har), 7.89 (t, J = 6.0 Hz, 1H, Har), 7.81-
7.70 (m, 3H, Har), 7.61 (t, J = 5.4 Hz, 1H, Har), 7.58-7.44 (m, 6H, Har), 7.41 (t, J = 1.2 Hz, 1H, 
Har), 7.28-7.23 (m, 3H, Har), 7.17 (t, J = 5.7 Hz, 2H, Har), 3.80 (s, 3H, CH3), 3.41 (s, 3H, 
CH3). 13C NMR (CD3CN, 298 K): δ 145.2 (d, JCP = 56.8 Hz, C), 136.9 (CHar), 133.5 (CHar), 
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133.4 (d, JCP = 21.1 Hz, CHar), 132.9 (d, JCP = 20.5 Hz, CHar), 132.5 (CHar), 131.3 (CHar), 
131.2 (CHar), 130.7 (d, JCP = 2.1 Hz, CHar), 130.3 (d, JCP = 11.5 Hz, C), 130.0 (d, JCP = 7.5 
Hz, CHar), 129.8 (d, JCP = 7.9 Hz, CHar), 129.3 (d, JCP = 2.0 Hz, CHar), 129.0 (d, JCP = 12.8 
Hz, C), 128.4 (CHar), 127.4 (CHar), 127.2 (d, JCP = 6.6 Hz, C), 126.5 (d, JCP = 5.5 Hz, C), 
125.0 (CHar), 123.2 (CHar), 120.8 (q, JCF = 319.8 Hz, CF3SO3), 38.0 (CH3), 36.5 (CH3). 31P 
NMR (CD3CN, 298 K): δ −22.6 ppm. MS (ESI+): m/z: 573.1 [M+TfO]+. HRMS (ESI+) m/z: 
calcd for C27H25N4PF3SO3, 573.1337; found, 573.1340. UV-vis (CH2Cl2): max = 228.0 nm. 
 
Neutral palladium complex 5.  
Route a. To a solution of 3 (200 mg, 0.36 mmol) and PdCl2(MeCN)2 (93 mg, 0.36 mmol) 
in THF (10.0 mL) cooled at −78°C was added a solution of t-BuOK (42 mg, 0.38 mmol) in 
THF (2.0 mL). The solution was warmed to room temperature and stirred for 2 h. After 
evaporation of the solvent under vacuum, purification by chromatography on silica gel 
(CH2Cl2/acetone) affording 5 as a yellow solid (121 mg, 58 %). 
Route b. Tetraethylammonium chloride (0.11 mg, 0.64 mmol) and complex 6 (0.54 g, 0.58 
mmol) were dissolved in MeCN (20 mL) and stirred at 50°C for 12 h. Evaporation of the 
solution to dryness followed by purification of the solid residue by flash chromatography on 
silica gel (CH2Cl2/acetone) gave 5 as a yellow solid (0.23 g, 68 %). Recrystallization from 
CH2Cl2 at 0°C afforded 5 as yellow crystals.  1H NMR (DMSO, 298 K): δ 7.79-7.66 (m, 4H, 
Har), 7.60-7.50 (m, 5H, Har), 7.46-7.41 (m, 4H, Har), 7.38-7.34 (m, 3H, Har), 7.11 (d, J = 1.1 
Hz, 1H, Har), 6.44 (dd, J = 8.0 and 1.0 Hz, 1H, Har), 3.98 (s, 3H, CH3). 13C NMR (DMSO, 298 
K): δ 163.1 (C), 141.5 (d, JCP = 85.7 Hz, C), 136.3 (C), 136.2 (d, JCP = 13.8 Hz, CHar), 134.1 
(d, JCP = 11.6 Hz, CHar), 133.9 (C), 132.4 (d, JCP = 2.3 Hz, CHar), 131.7 (CHar), 131.6 (CHar), 
131.5 (d, JCP = 2.5 Hz, CHar), 131.0 (d, JCP = 11.3 Hz, CHar), 129.6 (CHar), 128.9 (d, JCP = 
11.6 Hz, CHar), 128.7 (d, JCP = 12.0 Hz, CHar), 128.2 (CHar), 127.8 (d, JCP = 61.6 Hz, C), 
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127.3 (CHar), 126.6 (d, JCP = 58.2 Hz, C), 124.6 (CHar), 124.4 (CHar), 38.1 (CH3). 31P 
NMR (DMSO, 298 K): δ +11.2 ppm. MS (ESI+): m/z: 590.0 [M−(Cl)+(CH3CN)]+. HRMS 
(ESI+): m/z: calcd for C27H24N5PClPd, 590.0493; found, 590.0465. UV-vis (CH2Cl2): max = 
213.7 nm. 
Cationic palladium complex 7.  
Route a. To a solution of 4 (440 mg, 0.61 mmol) and PdCl2(MeCN)2 (158 mg, 0.61 mmol) 
in CH3CN (10.0 mL) cooled at 0°C was added NEt3 (85 μL, 0.61 mmol). The solution was 
warmed to room temperature and stirred for 2 h. After evaporation of the solvent under 
vacuum, the residue was successively washed with Et2O (10.0 mL) and THF (10.0 mL), 
affording 7 as an orange solid (269 mg, 59 %).  
Route b. To a solution of 5 (50 mg, 0.09 mmol) in toluene (5.0 mL) cooled at 0°C was 
added MeOTf (10 µL, 0.09 mmol). The solution was warmed to room temperature and stirred 
for 12 h. After evaporation of the solvent under vacuum, the residue was washed with Et2O 
(5.0 mL), affording 7 as an orange solid (41 mg, 64 %). 
Route c. To a solution of 8 (100 mg, 0.09 mmol) in THF (5.0 mL) cooled at −78°C was 
added n-BuLi (2.5 M in hexane, 33 µL, 0.08 mmol). The suspension was then warmed to 
room temperature and stirred for 2 h. After evaporation of the solvent under vacuum, the 
residue was washed with Et2O (5.0 mL), affording 8 as an orange solid (46 mg, 67 %). 
1H NMR (CD3CN, 298 K): δ 7.68 (m, 7H, Har), 7.60-7.45 (m, 8H, Har), 7.34-7.26 (m, 2H, 
Har), 6.36 (d, J = 9.0 Hz, 1H, Har) 4.18 (s, 3H, CH3), 3.10 (s, 3H, CH3). 13C NMR (CD3CN, 
298 K): δ 160.1 (C), 140.6 (d, JCP = 29.6 Hz, C), 137.1 (d, JCP = 13.0 Hz, CHar), 135.0 (C), 
134.3 (d, JCP = 2.5 Hz, CHar), 133.8 (d, JCP = 2.5 Hz, CHar), 133.1 (CHar), 132.2 (CHar), 131.6 
(C), 129.8 (CHar), 129.7 (d, JCP = 12.1 Hz, CHar), 129.5 (CHar), 129.4 (CHar), 128.5 (CHar), 
128.2 (CHar), 127.0 (CHar), 125.5 (CHar), 123.5 (CHar), 123.0 (d, JCP = 59.1 Hz, C), 122.9 (d, 
JCP = 57.9 Hz, C), 121.0 (q, JCF = 320.8 Hz, CF3SO3), 39.3 (CH3), 38.4 (CH3). 31P NMR 
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(CD3CN, 298 K): δ +21.8 ppm. MS (ESI+): m/z: 601.0 [M]+. HRMS (ESI+): calcd for 
C26H24Cl2N4PPd, 601.0145; found, 601.0165. UV-vis (CH2Cl2): max = 234.0 nm. 
Crystal structure determination of compounds 2, 3, 4, and 5.  
 Intensity data were collected at low temperature on three different diffractometers 
(Agilent Technologies Gemini, Oxford Diffraction Xcalibur, Bruker Apex2). Structures were 
solved by direct methods using SIR92,[31] and refined by full-matrix least-squares procedures 
using the programs of CRYSTALS.[32] Atomic scattering factors were taken from the 
International tables for X-ray Crystallography.[33] All non-hydrogen atoms were refined 
anisotropically. Hydrogen atoms were refined using a riding model. Absorption corrections 
were introduced using the program MULTISCAN.[34] 
 Crystal data for 2. C24H19N4P, M = 394.42 g.mol-1, Monoclinic, a = 17.2519(8), b = 
8.6843(3), c = 14.5205(8)Å, β = 110.714(5), V = 2034.85(18)Å3, T = 180 K, space group 
P21/c, Z = 4, µ(Mo-Kα) = 0.153 mm-1, 19722 reflections measured, 6242  unique (Rint = 
0.030), 4782 reflections used in the calculations [I > 3σ(I)], 262 parameters, R1 = 0.0407, 
wR2 = 0.0493. 
 Crystal data for 3. C25H22N4P, CF3O3S, M = 558.52 g.mol-1, Monoclinic, a = 
10.32731(18), b = 12.5657(2), c = 18.9763(3)Å, β = 91.7906(16), V = 2461.36(8)Å3, T = 100 
K, space group P21/c, Z = 4, µ(Cu-Kα) = 2.324 mm-1, 15322 reflections measured, 3875 
unique (Rint = 0.026), 3463 reflections used in the calculations [I > 2.5 σ(I)], 343 parameters, 
R1 = 0.0296, wR2 = 0.0347. 
 Crystal data for 4. C26H25N4P, 2(CF3O3S), M = 722.62 g mol-1, Monoclinic, a = 
16.1751(4), b = 12.2310(11), c = 15.9751(11) Å, β = 99.436(4), V = 3117.7(4)Å3, T = 180 K, 
space group P21/c, Z = 4, µ(Mo-Kα) = 0.307 mm-1, 55605 reflections measured, 4893 unique 
(Rint = 0.066), 4270 reflections used in the calculations [I > 0.5 σ(I)],  424 parameters, R1 = 
0.0463, wR2 = 0.0427. 
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Crystal data for 5. C25H21Cl2N4PPd, M = 585.75 g.mol-1, Orthorhombic, a = 9.2198(2), b = 
15.5327(3), c = 16.9810(3) Å, V = 2431.82(8) Å3, T = 180 K, space group P212121, Z = 4, 
µ(Mo-Kα) = 1.070 mm-1, 24534 reflections measured, 5899 unique (Rint = 0.029), 5010 
reflections used in the calculations [I > 3 σ(I)], 299 parameters, R1 = 0.0209, wR2 = 0.0219, 
Flack parameter = 0.05(2). 
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Table S1. Selected experimental and calculated structural data of palladium complexes. 
COSMO-PBE/TZP level of calculation (CH2Cl2 solvent). Bond lengths in Å and valence 
angles in degrees. See Figure 3 for labelling of atoms. 
  
 C1–P C2–Pd P–Pd Pd–Cl C2-Pd-P 
5:      
Exptl. 
1.822(2) 
 
1.972(2) 2.2308(6) 
2.3501(7) (trans to P) 
2.3344(6) (trans to C) 
92.69(7) 
Calcd. 1.831 1.996 2.280 
2.406 (trans to P) 
2.395 (trans to C) 
 
92.2 
7:  
Calcd. 1.863 2.001 2.278 
2.382 (trans to P) 
2.389 (trans to C) 
95.5 
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

-:

-7,9<<:,",

-7,9>;9,",


-;

-7,9<?>,",

-7,9>=;,",
Table S2. Near - frontier molecular orbitals of complexes 5 (left) and 7 (right), calculated at 
the COSMO-B3LYP/TZP level.  
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
 

 

  
 	
  
 3.35 371 0.0332 
   
   

      
 3.45 359 0.0021 
   
 
      
 
 
 3.53 351 0.0174 
   
 
      
 
 3.65 340 0.0148 
   
 
      
 
      
 
 3.85 322 0.0362 
  
 
      
 
      
 
  4.06 305 0.0611 
   
 
      
 
    
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! 4.16 298 0.1192 
   
 
      
 
      
 
" 4.37 284 0.1533 
   
 
      
 
      
 
# 4.45 279 0.0513 
   
 
      
 
      
 
 4.52 274 0.0067 
   
 
      
 
      
 
S11 4.53 274 0.0916 
  
 
      
 
S12 4.62 268 0.0696 
  
 
      
 
Table S3. First singlet excited states of complex 5, calculated at the COSMO-TD-
B3LYP/TZP level. f is the oscillator strength of the transition.  
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State 
Energy 
(eV) 
Wavelength 
(nm) 
f Hole Particle  
S1 3.21 386 0.0077 
    
      
 
S2 3.3 376 0.0007 
    
 
    
 
S3 3.38 367 0.0187 
    
      
 
      
S4 3.46 358 0.0082 
    
      
 
      
S5 3.6 344 0.0222 
    
      
    
S6 3.92 316 0.0840 
    
      
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S7 4.07 305 0.0091 
    
      
 
   
    
S8 4.09 303 0.0269 
    
      
 
   
    
S9 4.12 301 0.0325 
    
   
    
 
   
    
S10 4.27 290 0.0394 
    
      
S11 4.29 289 0.0997 
    
      
 
   
    
Table S4. First singlet excited states of complex 7, calculated at the COSMO-TD-
B3LYP/TZP level. f is the oscillator strength of the transition.  
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Conclusion : article 3 
 
 Comme indiqué dans la conclusion de l’article précédent, les états excités S7 et S8 du 
complexe cationique 7  possèdent un caractère transfert de charge du type LD-M-LA marqué 
contrairement au complexe parent 5. Toutefois les transferts de charge induits dans les 
transitions électroniques vers les premiers états excités, font intervenir dans les deux cas, de 
fortes contributions d’un transfert de type [PdCl2]  Pd, bien que pour le complexe 7 des 
contributions d’excitations vers le ligand N’-methyl-N-phénylimidazoliophosphine 
(cationique) soient observées dès les premiers états excités. Cette étude a donc mis en 
évidence un caractère donneur trop faible du ligand NHC pour obtenir des complexes à 
caractère transfert de charge. De nouvelles cibles ont donc été envisagées pour accentuer le 
caractère « push-pull » de ce type de complexes. Ainsi deux nouveaux complexes ont été 
étudiés, 7a et 7b, où le NHC (D) a été remplacé, respectivement par un ligand ylure de 
phosphonium (complexe globalement cationique) et un ligand yldiure de phosphonium 
(complexe globalement neutre) (voir Figure 1 ci-dessous). 
 
 
 
Schéma 1. Structures des complexes 7a et 7b. 
Les structures de ces complexes ont été optimisées au niveau COSMO-PBE/TZP 
(dichlorométhane, ϵ = 8.93) en incluant des effets relativistes scalaires. Dans les deux cas, les 
ligands autour du métal forment une structure quasi plan-carrée (voir Figure 1). 
 
 
N
N
PPh2
Pd
ClCl
H2C
Ph2P
N
N
PPh2
Pd
ClCl
HC
Ph2P
7a 7b
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Figure 8. Structure optimisée des complexes 7a et 7b au niveau COSMO-PBE/TZP. 
 
 
 
Figure 9. Orbitales moléculaires frontières des complexes de Pd 7a (à gauche) et 7b (à droite) calculées au niveau COSMO-
B3LYP/TZP (ϵ = 8.93). 
 
 
 Les orbitales moléculaires (OM) frontières LUMO et LUMO+1, calculées pour les 
deux complexes 7a et 7b, sont très proches de celles du complexe 7 (Figure 2). En effet, elles 

Etats excités optiques : absorption à un et deux photons 
 
 151 
sont délocalisées à la fois sur le fragment [PdCl2] et sur le système accepteur (phosphine 
cationique). Ainsi, la nature du groupement donneur n’influence que très peu la nature de ces 
deux OM. Au contraire, la nature des orbitales HOMO et HOMO-1 change en passant du 
ligand ylure au ligand yldiure de phosphonium. Ces deux OM sont quasiment exclusivement 
localisées sur le fragment [PdCl2] du complexe 7a, alors que pour 7b, si la HOMO-1 peut être 
considérée comme essentiellement localisée sur le palladium, la HOMO est principalement 
localisée sur l’atome de carbone lié au métal. De plus l’orbitale de cette « paire libre » est 
calculée comme étant beaucoup plus haute en énergie que celles du fragment [PdCl2] (1.5 
eV). Cet écart d’énergie traduit le très fort caractère donneur du ligand yldiure de 
phosphonium dans ce complexe. 
 
!! "".  " !"
-

8 ;99 7,>>2 
 
9 ;8@ 7,?72-9 
 
-
8 ><7 7,?<2 
 
9 <>< 7,?=2 A8
 
Tableau 2. Description des deux premiers états excités des complexes 7a et 7b calculés au niveau COSMO-TD-B3LYP/TZP 
(ϵ = 8.93) : longueur d’onde (nm), mono-excitation principale et densités de trou et de particule.  
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 Comme attendu d’après la nature des orbitales frontières de 7a, les premiers états 
excités de ce complexe ne mettent pas en jeu d’excitations électroniques depuis le fragment 
donneur (ylure de phosphonium), comme illustré par les densités de trou/particule des deux 
premiers états excités (Tableau 1). Le premier état impliquant une excitation vers l’accepteur 
est seulement le huitième état excité. D’un autre côté, les premiers états excités de 7b 
impliquent tous une excitation depuis le fragment donneur (yldiure de phosphonium) et le 
pour le premier état excité, l’excitation se fait vers le fragment accepteur 
(imidazoliophosphine). Une analyse quantitative des variations de densité de chaque fragment 
(D, M, et A) devra être faite pour déterminer la nature exacte du transfert de charge, qui peut 
être considéré soit de type D  A ou D  M-A ou encore D-M  M-A. Néanmoins cette 
étude a permis de montrer que le complexe 7b est une bonne piste d'inspiration des efforts de 
synthèse pour aller vers des complexes à plus fort caractère transfert de charge.  
Pour des transferts de charge impliquant le métal à la fois comme donneur et comme 
accepteur, la visualisation par la méthode des densités de trou/particule s’est avérée très utile 
et à permis, d’une part de n’avoir que deux densités à considérer, et d’autre part d’avoir une 
meilleure analyse visuelle du transfert de charge en séparant les zones de recouvrement entre 
le trou et la particule. 
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Chapitre 2 
 
Etats excités magnétiques :  
molécules organiques antiferromagnétiques 
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Introduction : article 4 
 
 Ce deuxième chapitre est consacré à l’étude du caractère bi- ou poly-radicalaire de 
molécules organiques. Ce travail a été initié par une collaboration avec Georges Trinquier et 
Jean-Paul Malrieu du Laboratoire de Chimie et Physique Quantiques à Toulouse, qui ont 
proposé récemment une méthode pour optimiser la géométrie de systèmes bi- ou poly-
radicalaires à l’état de spin singulet. Cette collaboration s’est ensuite élargie par l’utilisation 
d’une autre approche développée par Esmaïl Alikhani du laboratoire MONARIS à Paris VI. 
Deux familles de systèmes ont été étudiées. La première famille est issue de la carbo-
mérisation successive des liaisons des motifs extra-cycliques du p-quinodiméthane (C=CH2 et 
C-H) suivie de différents types de substitution de ces différents groupements extra-cycliques. 
La seconde famille regroupe, entre autres, les carbo-benzènes de première, deuxième et 
troisième génération (insertion d’une, deux ou trois unités C2 dans chaque liaison C-C du 
cycle benzénique). 
 
 L’étude de ces systèmes a été réalisée au niveau UDFT, qui permet d’étudier 
facilement des molécules de moyennes et grandes tailles. Néanmoins sa nature mono-
déterminantale produit des solutions dites à symétrie brisée, qui ne sont pas des fonctions 
propres de l’opérateur S2. Leurs fonctions d’onde peuvent être contaminées par des états de 
multiplicité de spin supérieure. Ainsi la solution à symétrie brisée doit être décontaminée pour 
obtenir l’énergie de l’état singulet à couches ouvertes désiré. A cette fin, deux méthodes de 
décontamination ont été utilisées dans ce travail. La première est celle proposée par 
Yamaguchi6 permettant d’évaluer à géométrie fixée, la contribution d’un état de spin 
supérieur à la solution à symétrie brisée et d’en déduire l’énergie de l’état singulet à couches 
ouvertes correspondant. Cette approche a été complétée par la recherche de la géométrie 
optimale de l’état singulet à couches ouvertes à l’aide d’une méthode développée par Malrieu 
et al.. 7 La seconde méthode de décontamination, développée par Labanowski et al.8, permet 
quant à elle de prendre en compte les contributions de plusieurs états de spin supérieurs en 
énergie à la solution à symétrie brisée.  
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Keywords. Carbo-mers - Singlet multiradicalar hydrocarbons - Magnetic properties – Spin 
decontamination - Density functional calculations 
Abstract.  
Numerous studies have underlined the putative diradical character of π-conjugated 
molecules that can be described by closed-shell Lewis structures, for instance p-dimethylene 
p-n phenylenes or long polyacenes. In the latter compounds, the only way to save the 
aromaticity of the six-membered rings is to give up the Lewis electron pairing in the singlet 
biradical ground state. The present work considers the possibility of doing the same using the 
basic C2 units of carbo-meric architectures. A series of acyclic and cyclic carbo-meric 
architectures are studied using UB3LYP DFT broken symmetry calculations, including spin 
decontaminations and subsequent geometry optimization of the singlet diradical. The C2 units 
are shown to stabilize the singlet biradical by spin delocalization, two of them playing 
approximately the same role as one spin-insulating 1,4 phenylene moiety. The results are 
generalized to the investigation of open-shell polyradical singlets states of rigid hydrocarbon 
structures, the symmetry and rigidity of which can assist cooperativity and self spin 
polarization effect. Several synthesis targets with challenging magnetic/spin properties are 
suggested in the carbo-mer series. 
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1. Introduction 
 
The development of organic molecular magnetic materials is a hot topic, due to the 
underlying potential applications for the design of optoelectronic devices or semiconductors, 
for organic electronics, non-linear optics, organic spintronics, organic photovoltaics and 
energy storage devices. 1  Since the observation of the first free radical, namely 
triphenylmethyl, by Gomberg in 1900, 2 purely hydrocarbon stable radicals have attracted 
more and more attention, as versatile model systems for the development of novel π-magnetic 
systems, alternative (mimics) to the well-established transition metal-based molecular 
magnets. 3  
The detection of the first high-spin organic molecule in 19674 opened the way to 
strategies for the design and stabilization of extended organic high-spin systems such as the 
topological nature of the π-conjugation in aromatic hydrocarbons or the doping of 
diamagnetic polymers. 5  
An intrinsic singlet biradical character was suspected from the challenging synthesis 
of pentacenes and zethrenes, due to their tendency to polymerize.1 But it was only recently 
that compounds with a singlet diradical or multiradical character could be characterized using 
suitable experimental and computational tools. Experimental spectroscopic signatures of a 
singlet biradical ground state may be found from electrochemical measurements, UV-visible 
absorption spectra, variable temperature electron spin resonance (ESR) or superconducting 
quantum interference device (SQUID).1 In a first approach, broken-symmetry density 
functional theory (DFT) calculations provide insights into the molecular geometry, the spin 
density distribution and the biradical character that can be calculated from the natural orbital 
occupancy number (NOON). However in order to get the pure open-shell singlet spin state 
and the relative stabilities of the various spin states, a subsequent spin decontamination is 
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required and may be performed either (i) starting with the method developed by Yamaguchi et 
al., 6 followed by the “recipe” of Malrieu et al., yielding the optimized geometry of the open-
shell singlet spin state7 or (ii) at constant geometry according to the procedure of Labanowski 
et al.8  
Representative systems with a singlet (poly)radical ground state or a significant singlet 
biradical character include polyaromatic hydrocarbons (PAH) and zigzag-edge graphene 
nanoribbons, 9 polyacenes and zethrenes derivatives.1 For such singlet ground states, the 
Ovchinnikov’s rule 10  cannot help to discriminate between closed-shell and open-shell 
systems. Compounds with proaromatic units such as para-quinodimethane, exhibit a singlet 
biradical ground state due to the recovery of the aromaticity of the proaromatic unit in the 
biradical resonance form. The Clar’s aromatic π-sextet rule may be used for discussing 
qualitatively the aromatic character of benzenoid species,11 Similarly, the number of aromatic 
π-sextet rings can be used for predicting and comparing the biradical character of PAH or 
benzenoids. For benzenoids polycyclic hydrocarbons of the same chemical composition, the 
molecule with more aromatic sextets rings in the bi- or polyradical resonance form exhibits 
greater singlet biradical character.1 Indices of the singlet/triplet biradical character based on 
Valence Bond analysis of PAH have been derived.12 The existence of two disjoint natural 
bond molecular orbitals (NBMO) is also a signature of a sizeable biradical character like in 
tetramethyleneethane.3 
The C≡C triple bond has been reported to be the most aromatic moiety. 13 The 
topological resonance energy of this “two-membered” ring was indeed calculated much larger 
than that of benzene, namely 1.172 vs 0.273 in β units.13 In addition to their expected pro-
aromaticity character, C2 units may be also expected being involved in the stabilization of the 
polyradical character by spin density delocalization. The potentialities of carbo-mers for the 
extension of the family of organic compounds with singlet multiradical character, is therefore 

Etats excités magnétiques : molécules organiques antiferromagnétiques 
 
 163 
considered here. The theoretical background and the available computational methods will be 
reminded in the first section. The relative stabilities of open-shell and closed-shell spin states 
of various acyclic and cyclic carbo-meric motifs are then evaluated and discussed on the basis 
of (i) the aromaticity of the spin spacers and (ii) the stabilizing effect of the trialkynylmethyle 
(TAM) termini.  
The modulation of the polyradical character allows access to a wide range of 
physicochemical properties:1 (i) significant biradical character: NIR dyes, OFETs, energy 
storage devices; (ii) weak or moderate biradical character nonlinear optical properties (NLO) 
and photovoltaics. 
 
2. Methods and computational details 
Geometries of the closed-shell singlet and of the highest multiplet of acyclic compounds 
were fully optimized at the UB3LYP/6-311G** level using Gaussian09,14 while macrocyclic 
compounds were studied at the UB3LYP/6-31G** level of calculation. Vibrational analysis 
was performed at the same level as the geometry optimization. To calculate the broken-
symmetry Ms=0 solution at the same level of calculation, suitable guess orbitals were first 
generated either by adding an external field to reverse the spin in one of the SOMOs of the 
highest multiplet 20 or by running Gaussian09 fragment guess calculations. 14 
Molecular orbitals and spin densities were plotted using GABEDIT.15 
  
2.1. Calibration of the DFT calculation level 
 
The DFT calculation level was calibrated by comparing the performance of various 
functionals in describing the doublet ground state of carbo-phenalene (Figure S1. See 
supplementary information). The <S2> values calculated at the PBE/6-311G* or B3LYP/6-
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311G**, resp. 0.78 and 1.05, are in reasonable agreement with the theoretical 0.75 value 
(Figure S1). In contrast, Hartree-Fock (HF) calculations or functionals including large 
amounts of HF exchange, strongly overestimate the S2> values, thus the (poly)radicalar 
character. Moreover, in this benchmark, only the latter functionals are yielding a spin 
delocalization restricted to the outer-crown of carbo-phenalene, similarly to what is found for 
the parent phenalenyl radical.16 The performance of the B3LYP and CAM-B3LYP functionals 
was further investigated in the calculation of the magnetic couplings of three organic 
diradicals, for which accurate values have been reported at the CASPT2 level of calculation. 
17 Meta-xylylene and 2,7-dimethylene naphthalene are ferromagnetic triplet diradicals while 
para-diphenylene acetylene exhibits an open-shell singlet ground state. The natural orbitals of 
the broken-symmetry Ms=0 solution of the above compounds, calculated at the UB3LYP/6-
311G** level, are similar in shape to the corresponding magnetic orbitals previously reported 
at the CASSCF level17 (Figure S2, see SI). The corresponding natural orbital occupancy 
numbers (NOON) are representative of their biradical character, which is larger for meta-
xylylene and 2,7-dimethylene naphthalene than for para-diphenylene acetylene (Figure S2). 
After spin-decontamination using method A (see below for details), the vertical triplet-
to-open-shell singlet excitation energy calculated at the UB3LYP/6-311G** for meta-
xylylene (462 meV) is closer to the CASPT2 (470 meV) or experimental (450 meV) value 
than the one calculated at the UCAM-B3LYP/6-311G** level (552 meV).17 From these 
results and from the values of magnetic couplings shown in Table 1, B3LYP is selected as the 
best compromise. 
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 CAM-B3LYP B3LYP CASPT2 [a] 
Meta-xylylene 793 596 535 
dimethylene naphthalene 576 411 327 
para-diphenylene acetylene -326 -363 -292 
Table 1. Magnetic couplings (in meV) calculated at UB3LYP or UCAM-B3LYP/6-311G** 
level of for the geometry of the triplet spin state. [a] From reference [17]. 
 
2.2. Correction of the energy from spin contamination 
 
In the present systems, the singlet spin state is expected to have a large multireference 
character. Therefore, the energy of the open-shell singlet, referred to as ES, cannot be 
accurately calculated from a mono-determinantal unrestricted UDFT wavefunction, but would 
rather require multiconfigurational calculations that are too expensive for the present large 
size systems. Mono-determinantal UDFT calculations are suitable for the triplet (or highest 
multiplet) state and for the closed-shell singlet spin state, while the energy of the open-shell 
singlet may be approached from broken-symmetry (BS) calculations. However, this MS=0 
solution is not an eigenfunction of the S2 operator, and the wavefunction may be 
contaminated by higher spin components. Various approaches to calculate the energy and 
geometry of the true decontaminated open-shell singlet have been disclosed.7,8,18 Two of 
them, referred to as method A and method B, will be compared in this work. Method B, 
referring to the procedure disclosed by Labanowski et al., 8 yields the energy of the 
decontaminated open-shell singlet at a given geometry, while the decontamination procedure 
of Yamaguchi et al. 6 used with the “recipe” of Malrieu et al.7 (method A) afford the 
calculation of the optimized geometry of the open-shell singlet spin state. 
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Method A 
 
This method is illustrated below for the decontamination of an open-shell singlet 
contaminated by a triplet spin state. If S2 is close to 1, the BS determinant, ΦBS, can be 
considered as a mixture of the true open-shell singlet ΦS state and of the triplet state ΦT: 
ΦBS = aΦS + bΦT   with a2 + b2 = 1       (1) 
The energy of the open-shell singlet ES, is the solution of a set of two equations involving the 
mean values of the S2 operator (eq. 2) and of the Hamiltonian H (eq. 3), and may be calculated 
from equation 4:7 
 S2>BS = ΦBS|S2|ΦBS = b2 ΦT|S2|ΦTb2  S2>T     (2) 
ΦBS|H2|ΦBS = a2 ΦS|H2|ΦS + b2 ΦT|H2|ΦTa2  + b2  (3) 
        
(4) 
The latter equation may be applied for S2T values close to 2, i.e., when the triplet 
spin state is not itself contaminated by a spin state of higher multiplicity, and when S2BS is 
lower or equal to 1. A value of S2BS > 1 would suggest that the open-shell singlet is also 
contaminated by a state of higher multiplicity than the triplet spin state. Indeed, for the 
macrocycles studied in the present work (see section 3.3 and 3.4), featuring formally six 
unpaired electrons both S2T and S2BS are higher than their expected values of 2 and 0, 
respectively. Hence, for symmetry reasons, the septet spin state, for which S27 is expected to 
be close to 12, is used for the decontamination instead of the triplet state and eq.. 4 is changed 
accordingly into eq. 5: 
  
          
(5) 
 
ES = ET −
ET −EBS( ) S2 T
S2
T
− S2
BS
ES = E7 −
E7 −EBS( ) S2 7
S2
7
− S2
BS
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Method B 
 
 The spin decontamination in method A is based only on the highest multiplet (Smax) 
and does not involve the intermediate spin multiplicities (for example, the triplet and quintet 
spin states for Smax = 7). An alternative, disclosed by Ovchinnikov and Labanowski, 8 allows 
for the step by step decontamination of each spin state, starting from the highest multiplet 
down to the open-shell singlet spin state. In this approach, the BS wavefunction is considered 
to be contaminated by the triplet spin state and by the intermediate spin states up to the 
highest one (Smax) and can be expressed as: 
      (6) 
The energy of the decontaminated open-shell singlet is given by : 
     (7) 
where A(X) = a2(X) is the weight of the contaminant state X.  
Using the optimized geometry of the highest spin state, Smax, the energy of the lower 
multiplets is calculated step by step, by removing at each step the undue contribution of the 
higher-multiplet states. At each step, the summation of eq. 6, is truncated on the basis of the 
S2 value expected to be 2 for a triplet spin state, 6 for a quintet spin state, 12 for a septet spin 
state. The natural orbital occupancy number (NOON) may be also used to guide the 
truncation.  
It is noticeable that this expression is equivalent to eq. 4, when the sum is truncated to 
the triplet spin state. Both equations may yield slightly different results, as the coefficients A 
of eq. 7 are calculated from a different formulation than the one of eq. 4, as illustrated in 
Table 2. 
ΦBS = a(S)ΦS + a(T )ΦT ++ a(2Smax +1)Φ2Smax+1
ES =
EBS − A(T )ET ,decont −− A(2Smax +1)E2Smax+1
1− A(T )−− A(2Smax +1)
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 2 3a 5 
ET - ES (kcal. mol-1) A 12.6 6.6 1.5 
ET - ES (kcal. mol-1)  B 12.5 6.7 1.5 
Table 2. Comparison of method A and B for the calculation of the vertical energy gap 
between the triplet spin state and the spin-decontaminated open-shell singlet spin state 
(optimized geometry of the triplet) for compounds 2, 3a and 5 (Scheme 1). UB3PW91/6-
311G** level of calculation. 
 
2.3. Open-shell singlet geometry  
 
A simple procedure to estimate the geometry of the open-shell singlet state was 
disclosed by Malrieu et al. (method A).7 The geometry of the open-shell singlet of lowest 
energy is assumed to be lying on the pathway created from the optimized geometries of the 
higher multiplicity state and of the BS state (using the related sets of internal coordinates: 
bond lengths, bond angles and dihedral angles). This is implemented using the usual linear 
motion approximation for guessing the shape of transition states from reactants and products, 
referred to as linear synchronous transit (LST).19 In practice, a set of 10 to 15 geometries, 
described by the collective geometrical coordinate Q, is generated along this path. Q = 0 
corresponds to the optimized geometry of the highest multiplicity state and Q = 5 corresponds 
to the optimized geometry of the BS state. For each Q value along the linear synchronous 
transit (LST), the energy of the spin-decontaminated singlet is calculated from eq. 8 (related 
to eq. 4 or eq. 5). This energy can be considered as an upper bound regarding the true energy 
minimum of the open-shell singlet state. 
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      (8) 
 
3. Results and discussion 
 
3.1 From closed-shell singlet para-quinodimethane to open-shell singlet para-
phenylenes: effect of C≡C insertion 
 
Extended p-quinodimethanes or planar p-dimethylene-polyphenylenes are proaromatic 
quinoidal PAHs. The first member of the series, para-quinodimethane 1 (Scheme 1), exhibits 
a closed-shell quinoidic ground state, while an open-shell singlet ground state was found for 
the other members of the series (H2C-(C6H4)n-CH2, n > 1).97 The biradicalar mesomeric form 
of the latter is indeed favored over the closed-shell mesomeric form (Scheme 1), because of 
the recovery of the aromaticity of the six-membered rings. The effect of the insertion of C≡C 
triple bonds, that were reported as the most aromatic “rings”, 13 is therefore investigated in the 
series of compounds 1-7, as it is expected to drive further towards the biradical mesomeric 
forms (Scheme 1). The effect of partial or total carbo-merisation of the methylene ends on the 
relative stabilities of the various possible spin states, (i.e. closed or open-shell singlet and 
triplet), is discussed below over the series. 
 
Carbo-merisation of the C-C exocyclic bonds of p-quinodimethane (1), yields p-
quinodipropyne (2), while 3a results from the carbo-merisation of both the C-C exocyclic 
bonds and the C-H bonds of the methylene ends of 1, into two trialkynylmethyle (TAM) ends. 
For the sake of comparison, nitrile, alkene or phenyl groups were also considered as 
alternatives to these trialkynyl ends in the 3b-3g series (Scheme 2).  Carbo-merisation of the 
central inter-ring C-C bond of 4, releasing the intrinsic steric hindrance of the biphenylene, is 
ES Q( ) = ET /7 (Q)−
ET /7 (Q)−EBS (Q)( ) S2 T /7 (Q)
S2
T /7
(Q)− S2
BS
(Q)
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thus allowing the planar geometry of 5. Carbo-merisation of both the C-C exocyclic bonds 
and of the methylene ends of 4, results in compound 6, capped with two TAM moieties.  
  
 
Scheme 1. Closed-shell (left) and biradicalar (right) mesomeric forms of compounds 1-7. 
   
Geometries of the various spin states of compounds 1-7, were optimized at the 
(U)B3LYP/6-311G** level in this work or in reference [20]. In most cases, the broken-
symmetry and closed-shell singlet solutions are close in energy. The diradical character of the 
singlet spin state may therefore be estimated using the three following criteria: (i) the bond 
length alternation in the six-membered rings of the BS geometry, (ii) the S2 value of the BS 
solution and (ii) the singlet-to-triplet energy gap. A small gap is expected for distant, weakly 
interacting radicals.20 
N
N
N
N
N N
NN
1
2
3a
3b
5
6
4
7
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The diradical character of the ground state is therefore expected to increase in the 
following order 1 << 2 ≈ 4 < 3b < 5 < 3a < 7 < 6 (Table 3). The S2 values are indeed 
increasing following the same order, while the bond length alternation (BLA), defined as the 
average of the difference in the length between adjacent C-C bonds of the six-membered 
rings, and the singlet-to-triplet energy gap are decreasing accordingly, at the exception of 5 
and 3b for which the rank of the BLA is inverted (Table 1). 
Compound BLA [a] S2 Singlet-to-triplet 
Energy gap [b] 
1 0.076 0.0 32.3 
2 0.057 0.27 10.7 
3a 0.032 0.80 2.4 
3b 0.040 0.62 5.2 
4 [c] 0.057 0.32 9.6 
5 0.048 0.72 4.3 
6 0.022 1.04 -9.6 
7 [c] 0.031 0.98 -3.5 
Table 3. Criteria for estimating the diradical character of compounds 1-6, calculated at the 
(U)B3LYP/6-311G** level. [a] Bond length alternation (Å) in the six-membered rings of the 
BS optimized geometry. The corresponding bond lengths are given in Table S1. [b] Closed-
shell singlet-to-triplet energy gap (in kcal/mol). [c] From reference [20]. 
 
The linear synchronous transit (LST) energy profiles of compounds 1-7, obtained from 
method A are shown in Figure 1 and Figure 2.  
Upon carbo-merisation of the exocyclic C-C bonds of 1, the closed-shell singlet 
ground state is switched to open-shell singlet in 2. Although the LST energy profiles of 1 and 
2 were built with different collective coordinate Q (both types of coordinate have the same 
origin (triplet state) but in reference 20 Q = 1 for the BS Ms=0 instead of Q=5 in this work), 
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they can be compared and appear to be similar (Figure 1). The BS and open-shell singlet spin 
states converge to the closed-shell solution for large Q values (Q ≥ 0.25 and Q ≥ 7 for 1 and 2 
respectively). The optimized geometry of the open-shell singlet is about halfway between the 
triplet and BS solution (Figure 1, Qopt = 3), i.e. between a quinoidic-p-butatrienic structure 
and a diradical p-phenylene-dipropyne structure (Scheme 1).  
In contrast, the energies of the various spin states are splitted out, in the LST energy 
curves of 3a and 3b, similar in shape to the ones of 4 and 5. While the optimized geometries 
of the open-shell singlet ground states of 3b and 5 are close to the ones of the BS solutions 
(Qopt = 4 and 5 respectively), the one of 3a is closer to the closed-shell solution (Qopt = 7). 
The capping of 5 by two TAM moieties, results in a very different picture for 6 
(Figure 2). The closed-shell singlet solution is the highest in energy while the triplet solution 
is shifted down in energy close to the BS solution and the open-shell singlet ground state 
whatever the Q value. A similar behaviour was already reported for p-dimethylene-p-
triphenylene 7. 20 
The open-shell singlet ground state of 2, is calculated to be 4.0 kcal/mol lower in 
energy than the closed-shell singlet spin state (Table 4). The singlet-to-triplet energy gap of 
14.7 kcal/mol is about half the one in 1 (32.3 kcal/mol) (Table 4). In contrast, upon extension 
of the methylene termini of 1 by phenylene rings, the open-shell singlet-to-closed-shell singlet 
energy gap of 7 is increased up to 9.0 kcal/mol while the triplet spin state is lying 5.5 kcal/mol 
higher in energy than the open-shell singlet ground state.20 In comparaison to carbo-
merisation (extension by triple C≡C bonds), the extension by phenyl rings is much more 
efficient to stabilize and isolate the singlet or triplet biradicals. In other words, the “insulation 
effect” of phenyl rings is more efficient than the one of triple C≡C bonds. 
Upon capping 2 with two TAM units, the open-shell singlet-to-closed-shell singlet 
energy gap is further increased up to 5.7 kcal/mol in 3a (Figure 1). The triplet spin state is 
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stabilized lying 2.4 kcal/mol higher in energy than the closed-shell singlet (vs 10.7 kcal/mol in 
2. See Table 4). The vertical and adiabatic open-shell singlet-to-triplet gaps are lowered to 
10.1 kcal/mol and 8.1 kcal/mol respectively (Table 4 and Table S2, see supplementary 
information). As compared to 2, the bond length alternation in the six-membered ring of 3a is 
reduced very slightly in the optimized geometries of both the closed-shell singlet and the 
triplet (1.44, 1.36 Å and 1.41, 1.38 Å, respectively, see Table S1 in SI). The capping of 2 with 
TAM ends results in decreasing the butatrienic character of the exocyclic bonds of 3a (1.37, 
1.24 and 1.36 Å for the singlet and 1.42, 1.22 and 1.40 Å for the triplet). It is noticeable that 
the geometry of the terminal alkynyl bonds of the TAM units are almost insensitive to the 
spin state (1.42 and 1.21 Å for the singlet and 1.41 and 1.22 Å for the triplet. Table S1 in SI).  
For 5, the spin-decontaminated singlet of minimum energy has the same geometry 
than the BS MS=0 solution (Figure 1, Qopt = 5). The adiabatic singlet-to-triplet transition 
energy and the open-shell-to-closed-shell energy gap take similar values than for 3a (10.5 
kcal/mol and 6.2 kcal/mol respectively, Table 4).  
With an S2 value of 1.04, the BS MS=0 solution of 6 can be considered as an half-
and-half mixture of singlet and triplet. The BS MS=0 optimized geometry is very close to that 
of the triplet and to that of the spin-decontaminated open-shell singlet. The open-shell singlet-
to-triplet energy gap is 1.7 kcal/mol (Table 4).  
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Compound Spin state Energy 
1 triplet[a] 32.3 
C8H8 closed-shell singlet[a] 0.0 
2  triplet 14.7 
C12H8 closed-shell singlet 4.0 
 open-shell singlet[b] 0.0 
3a  triplet 8.1 
C20H8 closed-shell singlet 5.7 
 open-shell singlet[b] 0.0 
3b  triplet 10.2 
C18N4H4 closed-shell singlet 5.0 
 open-shell singlet[b] 0.0 
5 triplet 10.5 
C16H12 closed-shell singlet  6.2 
 open-shell singlet[b] 0.0 
6 closed-shell singlet  11.3 
C28H12 triplet 1.7 
 open-shell singlet[b] 0.0 
Table 4. Relative energies (in kcal/mol) of various spin states of compounds 2-5 calculated at 
the B3LYP/6-311G** level. [a] From reference [20]. [b] Optimized geometry after spin 
decontamination using method A.  
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
1 2 (Qopt = 3) 
 
4 (Qopt = 2.5) 5 (Qopt = 5) 
3a (Qopt = 7) 3b (Qopt = 4) 
Figure 1. Comparison of the linear synchronous transit energy profiles of compounds 1-5, 
calculated at the (U)B3LYP/6-311G** level. LST energy profiles of compounds 1 and 4 are 
reprinted with permission extracted from reference [20]. Copyright 2015 Wiley. 
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7 (Qopt = 10) 6 (Qopt = 15) 
Figure 2. Comparison of the linear synchronous transit energy profiles of compounds 6 and 7 
computed at the (U)B3LYP/6-311G** level. The LST energy profile of compound 7 is 
reprinted with permission from reference [20]. Copyright 2015 Wiley. 
  
Spin densities 
 
In order to analyze the spin delocalization, the spin densities of the broken-symmetry 
singlet and triplet spin states were calculated at the (U)B3LYP/6-311G** level. The 
corresponding spin densities isocontours  (accounting for 75 % of the spin density) are shown 
in Figure 3. For both the triplet and BS singlet of compounds 2 and 3a, the spin density is 
mainly localized on the carbon atoms located in g and e positions, exhibiting Mulliken spin 
densities of 0.68 and 0.49 respectively for 2 and 0.38 and 0.32 respectively for 3a (Figure 3 
and Table S3, see SI). For 3a, the delocalization of the spin density is further extended over 
the alkynyl ends of the TAM moiety (carbon atoms located in i position, Mulliken spin 
density of 0.25). The TAM moiety may be therefore considered as “spin stabilizing” through 
spin density delocalization. It is noticeable that the spin density is indeed delocalized all over 
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the molecule in the BS singlet, while the phenyl ring acts as a “spin insulator” in the triplet 
spin state of compounds 2 and 3a. 
The two TAM alkynyl ends are slightly more efficient to stabilize the biradical singlet 
than the nitrile groups ends, as illustrated by (i) the open-shell to closed-shell energy gaps of 
5.7 kcal/mol for 3a vs 5.0 kcal/mol for 3b and (ii) the difference in the <S2> values of 3a and 
3b (0.80 vs 0.62 respectively). In contrast, both compounds exhibit very similar spin densities 
isocontours (Figure S3, see SI). The Mulliken spin densities of the nitrogen atoms (0.15) of 
3b are however slightly smaller than the one of the equivalent terminal carbon atoms of 3a 
(position i, 0.25), both for the triplet and for the BS MS=0 solution (Table S3).  
A similar picture is found for 5, for which the maximum Mulliken spin density is 
found for the carbon atoms in position e (0.68). The phenyl rings of 5 indeed behave as “spin 
insulators” in the triplet spin state. The open-shell to closed-shell energy gap value (6.2 
kcal/mol) is comparable to the one of 3a (5.7 kcal/mol). It suggests that both the spin 
insulating phenyl rings and the spin stabilizing effect by spin density delocalization of the 
TAM units, are required for the stabilization of the biradicals. The stabilizing effect of two 
phenyl rings may be considered quasi-equivalent to the one of a phenyl ring combined with 
two TAM ends. The stabilizing effect of one TAM end is about one half that of an inserted 
phenyl ring.  
 
The combination of two phenyl rings, an intercyclic C≡C link and two TAM ends, 
allows for a completely different picture in 6. Although the distribution of the spin density in 
the TAM moieties is similar to the one described above for compounds 2-5, the spin 
insulating effect of the phenyl rings appears to be effective both in the biradical singlet and in 
the triplet spin state (Figure 3 and Table S3). The combination of two phenyl rings (spin 
insulation effect) and two TAMs (spin delocalization effect) results in an open-shell singlet-
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to-closed-shell singlet energy gap of 11.3 kcal/mol, about twice the value of 3a and 5 (5.7 and 
6.2 kcal/mol, respectively). From the comparison to the series of para-dimethylene-
polyphenylenes (of D2h symmetry) studied by Malrieu et al. in Ref. 20, this energy gap is 
equivalent to a system of about 3.5 phenyl rings. Thus, neglecting the effect of the intercyclic 
C≡C link in 6, the stabilizing effect of two TAMs ends may be considered equivalent to the 
one of 1.5 phenyl rings. The stabilizing effect of one TAM end is found here slightly more 
than one half that of an inserted phenyl ring (75%), thus about of the same relative order as 
above.  
 
 

 
 
 
2 5 
 
  
3a 6 
 
Figure 3. Comparison of spin density isosurfaces (accounting for 75 % of the spin density), 
calculated at the UB3LYP/6-311G** level for the low spin BS states (top) and for the triplet 
spin states (bottom) of compounds 2 - 6.  
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Comparison of the stabilizing effect of various capping units 
 
The spin stabilizing effect of two alkynyl ends has been shown above to be 
comparable to the one of two nitrile ends in compounds 3a and 3b. The comparison is further 
extended to alkene and phenyl ends via the series of compounds shown in Scheme 2. 
 
Compound ΔE  
2 2.75 
3a 5.65 
3b 4.96 
3c 6.12 
3d 33.57 
3e 3.69 
3f 4.22 
3g 8.85 
Table 5. Energy gap (ΔE in kcal/mol) between the closed-shell singlet (optimized geometry) 
and the spin-decontaminated open-shell singlet (calculated at the optimized geometry of the 
BS MS = 0 solution). 
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Scheme 2. Various capping units investigated in the series of compounds 3. 
 
 A singlet biradical ground state is found for the three isomers 3c-3e. The largest open-
shell singlet-to-closed-shell energy gap is found for 3d that indeed cannot be described by a 
closed-shell mesomeric structure (Table 5). However, from the following relative stability 
order of the three possible isomers: 3e (0.0 kcal/mol) > 3d (5.3 kcal/mol) > 3c (16.9 
kcal/mol), calculated at the UB3LYP/6-311G** level, the formation of 3e, exhibiting a 
smaller biradical character than 3a may be anticipated. The spin stabilizing effect of phenyl 
moieties is also anticipated to be less efficient than the one of TAM units (Table 5). In 
contrast, the stabilizing effect of three conjugated C≡C in 3g, is predicted to be larger than the 
one of a TAM unit, the corresponding unprotected biradical may be however very reactive 
thus unstable. 
 
 
3.2. Phenyl ring vs C≡C triple bond, spin insulation vs spin delocalization effect? 
N N
NN
3a
3b
H2C CH2
CH2H2C
Ph
Ph
Ph
Ph
3c
3f
H2C CH2
CH2H2C
3d
CH2
C
H2
H2C
C
H2
HC CH
CHHC
3e
H
H
H
H
3g
33
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Scheme 3. Structure of compounds 8a to 8f (0 ≤ n ≤ 5). 
 
The TAM termini were shown above to be efficient for the stabilization of the radical 
species by delocalization of the spin density mainly on their central carbon atoms but also on 
the three adjacent carbon atoms. Beyond this spin stabilizing ability by delocalization, the 
spin insulation ability of the C≡C triple bond may be also considered as it has been described 
as the most aromatic moiety.13 Both effects are indeed mixed and investigated below in the 
series of polyalkynyles 8a-8f, capped with TAM termini (Scheme 3). The influence of the 
number of C≡C triple bonds on the relative stabilities of the closed- or open-shell singlet, and 
triplet spin states will be discussed. 
The BS MS=0 solution could not be trapped for the first member of the series, 8a, in 
which the TAM pattern is not fully present. Unsurprisingly, the triplet spin state of 8a is 
calculated to be 37.6 kcal/mol higher in energy than the closed-shell singlet ground state 
(Table 6). Similarly, compounds 8b-8d exhibit a closed-shell singlet ground state. The 
optimized geometry of the corresponding BS MS=0 solutions could not be obtained, as the 
calculations always converged to the closed-shell singlet ground state geometry. Although the 
most stable geometry of the triplet spin state is of D2d symmetry, the spin decontamination 
was performed using the BS MS=0 solutions and the triplet solution of D2h symmetry, the 
latter symmetry being also expected for the open-shell singlet. The energy gap between the 
open-shell singlet and the closed-shell singlet ground state, decreases with the increasing 
number of conjugated C≡C units n (Scheme 3), taking values of 5.5, 2.1 and 1.7 kcal/mol, for 
( )
n

Etats excités magnétiques : molécules organiques antiferromagnétiques 
 
 182 
8b (n = 1), 8c (n = 2) and 8d (n = 3), respectively (Table 6). The triplet spin states are also 
stabilized upon insertion of C≡C units, because of the increasing distance between the two 
unpaired electrons is reducing the Pauli repulsion.  
In contrast to the others members of the series, 8e (n = 4) and 8f (n = 5) exhibit an 
open-shell singlet ground state (Table 6). The TAM ends appear therefore determinant for 
stabilizing the biradical character as a closed-shell singlet ground state was found for related 
polyynes with the same conjugation length (0 ≤ n ≤ 5), but missing the four alkynyl ends 
(Table 6). The synthesis and characterization of dinaphthylpolyynes, involving two up to six 
π-conjugated C≡C units, were also reported. 21 
 The spin-decontaminated optimized geometries were obtained using method A and 
the corresponding LST energy profiles are shown in Figure 4. The adiabatic energy 
differences between the closed-shell singlet and the open-shell singlet ground state are 3.7 and 
5.0 kcal/mol, for 8e and 8f, respectively. With alternating C-C bonds of about 1.305 and 
1.250 Å at the middle of the polyyne chain (Table S4), both geometries of 8e and 8f are 
intermediate between those of the single-triple C-C bond length alternation of the triplet spin 
states (1.34 Å and 1.23 Å) and those of the cumulenic-like chain of the closed-shell singlet 
(1.29Å and 1.26Å). In contrast to the optimized geometries of the triplet spin states of D2d 
symmetry, the optimized geometries of the BS solutions were found to be of D2h symmetry. 
The spin-decontamination was therefore performed under D2h symmetry constraints.  
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8e (Qopt = 3) 8f (Qopt = 4) 
Figure 4. Comparison of the linear synchronous transit energy profiles of 8e (n = 4) and 8f (n 
= 5), calculated at the (U)B3LYP/6-311G** level (Scheme 3).  
 
The spin density of the BS MS=0 solution of 8c corresponding to two linked TAM 
moieties, and calculated at the triplet spin state geometry, is similar to that in compounds 3a 
and 6, i.e., mainly localized on the central carbon atom of the TAM unit (0.31 in position c. 
See Table S5 in SI) and then equally distributed on the carbon atoms located in a and e 
positions (resp. 0.23 and 0.29. See Table S5). However, in contrast to what was observed in 
the presence of spin insulating phenyl rings, spin density of opposite sign is also present on 
the adjacent carbon atom in position d. The spin density is almost equally delocalized all over 
the conjugated carbon chain with alternation of spin α and β on adjacent carbon atoms (Table 
S5 and Figure 5). It is also noteworthy that for 8e and 8f, the spin density maximum is not on 
the central carbon atom of the TAM end (position c), but on the carbon atom in position e 
(Table S5, see SI). 
The relative stabilities of the closed-shell and open-shell singlet states are comparable 
in 8f (n = 5) and 3a, respectively 5.0 and 5.7 kcal/mol (Tables 4 and 6). Three C≡C triple 
bonds might be therefore be considered equivalent to one phenyl ring. It is noticeable that in 
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both cases, six carbon atoms are involved, but with a very different spin density distribution: 
almost no spin density on the carbon atoms of the ring of 3a, but conversely, alternation of 
spin α and β on all adjacent carbon atoms of 8f, supporting the different modes of biradical 
character stabilization, either by insulation for the phenyl ring or by spin density 
delocalization for the triple C≡C bond. 
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Compound Spin State S2 E (kcal/mol) 
8a  triplet 2.04 37.6 
C10H4 closed-shell singlet  0.0 
8b  triplet 2.04 24.3 
C12H4 BS Ms=0[b] 0.17 7.1 
 open-shell singlet[b]  5.5 
 closed-shell singlet  0.0 
8c  triplet 2.04 16.8 
C14H4 BS Ms=0[b] 0.47 5.4 
 open-shell singlet[b]  2.1 
 closed-shell singlet  0.0 
8d  triplet 2.05 8.6 
C16H4 BS Ms=0[b] 0.66 3.9 
 open-shell singlet[b]  1.7 
 closed-shell singlet  0.0 
8e  triplet 2.04 12.0 (12.5[c]) 
C18H4 closed-shell singlet  3.7 (0.0[c]) 
 BS Ms=0 0.36 3.5 (9.6[c]) 
 open-shell singlet[a]  0.0 
8f  triplet 2.05 10.5 (9.7[c]) 
C20H4 closed-shell singlet  5.0 (0.0[c]) 
 BS Ms=0 0.62 4.2 (6.8[c]) 
 open-shell singlet[a]  0.0 
Table 6. Relative energies of the various spin states of compounds 8a-8f (Scheme 3, 0 ≤ n ≤ 
5). [a] Optimized geometry after spin decontamination using method A. [b] Energy calculated 
for the optimized geometry of the triplet spin state constrained to D2h symmetry. [c] Energy 
calculated for the optimized geometry of related polyynes without TAM ends and constrained 
to D2d symmetry. 
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8e 8f 
 
Figure 5. Comparison of spin density isosurfaces (accounting for 75 % of the spin density), 
calculated at the UB3LYP/6-311G** level for the low spin BS states (top) and for the triplet 
spin states (bottom) of compounds 8e and 8f. 
  
3.3. From acyclic to macrocyclic molecular magnets. 
 
In the perspective of stabilizing compounds with a multi-radicalar singlet character, a 
series of macrocycles built from the acyclic moieties discussed in the previous sections was 
investigated (Scheme 4). Compounds 8c’ and 8d’ were already disclosed as second and third 
generation carbo-benzenes derivatives respectively.22 A closed-shell singlet ground state was 
reported for carbo-benzene, the ring carbo-mer of benzene.23  
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Scheme 4. Structure of compounds 8c’, 8d’ and 3a’. 
 
In contrast to the previously described acyclic systems, the open-shell singlet of these 
macrocycles may be contaminated by the triplet spin state, but also by several higher 
multiplets up to the septet spin state. The sixth-order symmetry of the above macrocycles and 
the NOON occupations significantly shifted from 0 or 2, suggested that the septet could be the 
major contaminant and made the latter as the straightforward candidate for spin 
decontamination using method A.  
 The 30-membered macrocycle of hexaethynyl-carbo2-benzene 8c’, may be considered 
as six connected equivalent 8c edges. The optimized geometry of the closed-shell singlet of 
8c’ exhibits a D6h symmetry, while a chair conformation of D3d symmetry is calculated for the 
septet spin state (Table S6). The latter conformation is indeed expected to be more stable by 
decreasing the Pauli repulsion between adjacent unpaired electrons as the corresponding 
SOMOs involve conjugation of almost orthogonal MOs. 
The BS MS = 0 geometry of 8c’ is found slightly lower in energy by 0.3 kcal/mol than 
the closed-shell singlet of D6h symmetry. The septet of the same D6h symmetry, although 19.2 
kcal/mol higher in energy than the most stable septet of D3d symmetry, was therefore used to 
decontaminate the BS MS = 0 solution using method A. The three singlet LST energy profiles 
X
X
X
X X
X
8c' 8d' : X =
3a' : X =
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are almost degenerate (Figure 6) with an open-shell singlet-to-closed-shell singlet energy gap 
of 3.6 kcal/mol (Table 7). The optimized geometry of the open-shell singlet is very close to 
that of the BS solution (Qopt = 4). The spin density distribution is very similar to the one 
observed for the corresponding isolated acyclic edges 8c and for 8e and 8f, i.e. alternation of 
spin α and β on adjacent carbons (Figure 7 and Table S7).  
Ring carbo-merisation of 8c’ into hexaethynyl-carbo3-benzene 8d’ (also equivalent to 
six connected 8d edges), allows for further stabilization of the open-shell singlet ground state 
vs the closed-shell singlet lying 8.8 kcal/mol higher in energy (Table 7). A much stronger 
stabilizing effect was expected from the anticipated large extension of the spin delocalization 
over the entire 42-membered macrocycle. The stabilization of the hexa-radical character, 
much weaker than expected, may be related to the aromaticity of the closed-shell singlet state 
carbo2-benzene and carbo3-benzene, that is expected according to the 4n +2 Hückel rule. The 
anticipated hexa-radical character of 8c’ and 8d’ might therefore be frustrated in order to save 
the stabilization energy brought by the aromaticity of the macrocycles in the closed-shell 
singlet spin state.  
Aromaticity of the macrocycle and the corresponding frustration of the biradical 
character are expected to be removed in 3a’. The latter is made from the connection of six 
acyclic 3a moieties, previously shown to exhibit a high biradical character in the above series 
of acyclic compounds (see section 3.1). The aromaticity of 3a’ is expected to be confined 
mainly in the six phenyl rings, that have been inserted in each edge of the macrocycle of 8c’. 
Moreover, these phenyl rings are expected to be good spin insulators, as illustrated in the spin 
density distribution of the septet state of 3a’ (Figure 8). The spin density is indeed strongly 
localized on the six TAM units only (located at the vertices of the macrocycle). The latter 
septet spin state of D6h symmetry is calculated to be only 11.4 kcal/mol higher in energy than 
the closed-shell singlet (Table 7). A large ⟨S2⟩ value of 2.23 is found for the BS MS = 0 

Etats excités magnétiques : molécules organiques antiferromagnétiques 
 
 189 
optimized geometry of D6h, intermediate between the septet and the closed-shell singlet 
geometries. The spin density distribution of the BS MS = 0 solution is similar to the one of 3a 
(Figure 3 and Figure 8), i.e. mainly localized on the TAM moiety, but also slightly in the 
phenyl ring. The spin-decontaminated open-shell singlet geometry is close to the one of the 
BS MS = 0 solution (Qopt = 5) and is calculated to be 14.5 kcal/mol more stable than the 
closed-shell singlet. The combination of both spin insulating phenyl rings and spin stabilizing 
TAM units, allows the stabilization of the hexa-radical singlet ground state of 3a’ that may 
now be envisionned as a possible synthesis target.  
The open-shell singlet-to-closed-shell singlet energy gap increases from 3.6 kcal/mol, 
to 8.8 kcal/mol up to 14.5 kcal/mol for 8c’, 8d’ and 3a’ respectively. Insertion of spin 
insulating phenyl rings in 8c’ to 3a’ results therefore in a stabilization energy about twice the 
one resulting from the insertion of spin stabilizing triple C≡C bonds to 8d’ (10.9 vs 5.2 
kcal/mol respectively). Spin insulation of the phenyl rings appears therefore to be determinant 
in the stabilization of singlet poly-radical macrocycles. 
 
  
8c’ (Qopt = 4) 8d’ (Qopt = 5) 
Figure 6. Linear synchronous transit energy profiles of compounds 8c’ and 8d’ calculated at 
the (U)B3LYP/6-31G** level.  
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8c’ 8d’ 
 
Figure 7. Spin density isosurfaces (accounting for 75 % of the spin density), calculated at the 
UB3LYP/6-31G** level for the low spin BS states (bottom) and for the septet spin states (top) 
of compounds 8c’ and 8d’.  
 
 
3a’ (Qopt = 6) 3a’ 
Figure 8. Linear synchronous transit energy profile (left) and spin density isosurfaces 
(accounting for 75 % of the spin density) for the low spin BS state (bottom right) and for the 
septet spin state (top right) of 3a’ calculated at the (U)B3LYP/6-31G** level.  
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 Spin State <S2> E (kcal/mol) 
8c' septet vertical 12.06 75.3 
 septet D6h 12.07 70.7 
 septet D3d 12.13 51.5 
 closed-shell singlet  3.6 
 BS Ms=0 0.48 3.3 
 open-shell singlet[a]  0.0 
8d' septet vertical 12.07 57.3 
 septet D6h 12.08 52.3 
 septet D3d 12.16 38.6 
 closed-shell singlet  8.8 
 BS Ms=0 1.30 6.2 
 open-shell singlet[a]  0.0 
3a' septet vertical 12.10 28.9 
 septet 12.11 25.9 
 closed-shell singlet  14.5 
 BS Ms=0 2.23 5.2 
 open-shell singlet[a]  0.0 
Table 7. <S2> values and relative energies of the various spin states of compounds 8c’, 8d’ 
and 3a’. [a] Optimized geometry after spin decontamination using method A.  
 
 
 
3.4. Issues of decontamination of multiradical singlets 
 
The BS MS = 0 solution is not an eigenfunction of the S2 operator, and the 
wavefunction may be contaminated by various higher multiplets. The highest multiplet was 
used for the decontamination using method A, i.e., the triplet spin state for the above acyclic 
systems and the septet spin state for the macrocycles. However, the latter septet is much 
higher in energy than the intermediate quintet and triplet states, that are therefore anticipated 
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to contribute also significantly to the spin contamination. Method B, developed by 
Ovchinnikov and Labanowski,8 can take into account several spin states to decontaminate the 
BS MS = 0 solution. For a given geometry, the energy is corrected for spin contamination step 
by step, starting from the highest multiplet down to the open-shell singlet. One has however 
to emphasize, that the energy of the intermediate multiplets spin-decontaminated using 
method B, cannot be compared to the energy of true multiplets such as those resulting from 
high level multireference calculations or from Heisenberg Hamiltonian predictions. The use 
of the intermediate spin-decontaminated multiplets of method B calculated using DFT is 
restricted to spin-decontamination purpose.  
Method B was therefore used for calculating the energy of the open-shell singlet 
ground state of 8c', 8d' and 3a' (geometry fixed to that of the septet state of D6h symmetry). 
The results of the decontamination of the BS MS = 0 solutions using method A and 
method B are reported in Table 8 and illustrated as energy diagrams in Figure 9.  
 
 8c' 8d' 3a' 
Spin state S2 E (A) E (B) a2[b] S2 E (A) E (B) a2 S2 E (A) E (B) a2 
septet 12.07 65.60 65.60 0.002 12.09 47.86 47.86 0.009 12.11 23.61 23.61 0.027 
quintet 6.04  39.03  6.29  31.29  6.81  16.82  
quintet[a]   38.18 0.040   28.86 0.104   15.40 0.186 
triplet 2.05  22.43  2.07  20.96  3.53  10.16  
triplet[a]   16.27 0.337   17.56 0.440   6.27 0.468 
BS Ms=0 0.93 5.08 5.08  1.61 6.39 6.39  2.40 4.68 4.68  
open-shell 
singlet 
 0.00 -3.33 0.621  0.00 
-
10.68 
0.447  0.00 -5.51 0.319 
Table 8. <S2> values and relative energies E (in kcal/mol) of the various spin states of 
compounds 8c’, 8d’ and 3a’ obtained from method A or B. [a] after spin decontamination 
using method B. [b] weight of the (contaminant) state.  
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The energies of the open-shell singlet ground states obtained by method A and method 
B are consistent (Figure 9). The open-shell singlet-to-septet energy gap calculated from 
method A and method B are very close for 8c’, while the values obtained from method A, are 
smaller for 8d’ and 3a’. 
Figure 9. Diagrams comparing the energy of the various spin states calculated using method 
A and method B for 8c’, 8d’ and 3a’ calculated at the (U)B3LYP/6-311G** level. Only solid 
lines correspond to energies of states that can be compared. 
 
 For the three investigated compounds, the major contaminant of the BS solution is the 
triplet spin state, exhibiting the highest a2 contribution calculated from method B (Table 8). 
The quintet states are also significant contaminants of the BS solution of 8d’ and 3a’. 
Moreover for the latter compounds, the  <S2> values of the intermediate spin states deviate 
significantly from the expected theoretical values (Table 8). The analysis of the data provided 
by method B, suggest that the various spin states are cross-contaminated. The higher the 
  
8c’ 8d’ 
 
3a’ 
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contribution of the intermediate contaminant spin states, the larger the discrepancy between 
the septet-to singlet energy gap calculated from both methods. 
 
Conclusion 
In this work, the combination of (i) the proaromatic character of p-quinodimethane 
and (ii) the spin-stabilizing effect of either trialkynylmethane (TAM) capping ends or spin 
delocalization over a polyyne chain, allowed designing new synthesis targets with attractive 
magnetic properties.  
The former proaromatic character appears to be more efficient than spin delocalization 
to stabilize bi- or poly-radicals singlet ground states. The insulating effect of six-membered 
ring may be related to the large aromatic stabilization energies of benzene with respect to p-
quinodimethanes (about 30 kcal mol-1).9;  
The acyclic singlet biradicals may be assembled into macrocyclic poly-radicals, 
potential building blocks of magnetic molecular carbo-meric materials. For exemple, the 
possible formation of π-π dimers involving pancake bonding, i.e. a two-electron/multicenter 
bond such as the one reported in phenalenyl radical dimers,9< will be investigated for the 
compounds 3a and 6 and 3a’. 
The spin decontamination by method A and B have been compared for the first time 
for compounds 8c’, 8d’ and 3a’. These two methods gave similar results, however method B 
allows identifying the major spin contaminant. In this work, method B has been applied at 
fixed geometry only, but it could be applied for each geometry considered along the LST path 
designed in method A, in order to calculate an optimized geometry. 
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Figure S1. <S2> values and spin densities calculated at various DFT levels (6-311G** basis 
set) for carbo-phenalene. 
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Figure S2. Magnetic natural orbitals and corresponding natural orbital occupation numbers 
(NOON) of meta-xylylene (1), 2,7-dimethylene naphthalene (2) and para-diphenylene 
acetylene (4) calculated at UB3LYP/6-311G** level.  
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Compd  <S2> a b c d e f g h i f' 
1  closed-shell singlet[a]  1.351 1.460 1.346        
 triplet[a] 2.01 1.437 1.412 1.388        
2  closed-shell singlet   1.352 1.451 1.356   1.259 1.327    
 triplet 2.03 1.414 1.411 1.384   1.230 1.360    
 BS ms=0 0.27 1.359 1.443 1.358   1.250 1.329    
 open-shell singlet[b]  1.381 1.430 1.368   1.242 1.342    
3a  closed-shell singlet   1.369 1.440 1.364   1.243 1.363 1.422 1.212  
 triplet 2.04 1.417 1.413 1.385   1.224 1.401 1.411 1.216  
 BS ms=0 0.80 1.395 1.424 1.376   1.232 1.383 1.416 1.214  
 open-shell singlet[b]  1.386 1.429 1.372   1.236 1.376 1.419 1.213  
3b closed-shell singlet   1.360 1.441 1.358   1.239 1.352 1.424 1.156  
 triplet 2.04 1.412 1.411 1.382   1.220 1.385 1.415 1.159  
 BS ms=0 0.62 1.380 1.428 1.368   1.232 1.364 1.421 1.157  
 open-shell singlet[b]  1.387 1.425 1.371   1.229 1.368 1.420 1.158  
5  closed-shell singlet   1.360 1.445 1.354 1.453 1.358     1.240 
 triplet 2.05 1.418 1.414 1.377 1.427 1.400     1.213 
 BS ms=0 0.72 1.386 1.431 1.364 1.441 1.376     1.227 
 open-shell singlet[b]  1.386 1.431 1.364 1.441 1.376     1.227 
6  closed-shell singlet   1.388 1.426 1.368 1.429 1.378 1.233 1.368 1.416 1.207 1.225 
 triplet 2.05 1.418 1.410 1.382 1.412 1.409 1.220 1.392 1.410 1.209 1.212 
 BS ms=0 1.04 1.414 1.412 1.380 1.414 1.405 1.222 1.389 1.411 1.209 1.214 
 open-shell singlet[b]  1.409 1.414 1.378 1.417 1.401 1.224 1.385 1.412 1.208 1.216 
CCCC
C
C
C
C
a
b
c
d
efg
h
i
f'
 
Table S1. Selected C-C(N) bond lengths in Å. [a] from reference 20. [b] Optimized geometry 
after spin decontamination using method A. (U)B3LYP/6-311G** level of calculation. 
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Compound Spin state S2 Energy 
1  triplet vertical[a] 2.01 43.7 
C8H8 triplet[a] 2.01 32.3 
 closed-shell singlet[a]  0.0 
2  triplet vertical 2.03 16.9 
C12H8 triplet 2.03 14.7 
 BS Ms = 0 0.27 3.9 
 closed-shell singlet  4.0 
 open-shell singlet[b]  0.0 
3a  triplet vertical 2.04 10.1 
C20H8 triplet 2.04 8.1 
 closed-shell singlet  5.7 
 BS Ms = 0 0.80 3.6 
 open-shell singlet[b]  0.0 
3b  triplet vertical 2.03 11.5 
C18N4H4 triplet 2.04 10.2 
 closed-shell singlet  5.0 
 BS Ms = 0 0.62 3.7 
 open-shell singlet[b]  0.0 
5 triplet vertical 2.05 12.6 
C16H12 triplet 2.05 10.5 
 closed-shell singlet   6.2 
 BS Ms=0 0.72 4.4 
 open-shell singlet[b]  0.0 
6  closed-shell singlet   11.3 
C28H12 triplet vertical 2.05 1.9 
 triplet 2.05 1.7 
 BS Ms=0 1.04 0.9 
 open-shell singlet[b]  0.0 
Table S2. Relative energies (in kcal/mol) of various spin states of compounds 2-5 calculated 
at the (U)B3LYP/6-311G** level. [a] From reference 20. [b] Optimized geometry after spin 
decontamination using method A.  
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Compd  <S2> Sum a b c d e f g h I f' 
1  triplet[a] 2.01 +2.27 / -0.27 -0.03 0.10 0.10 -0.03 0.83      
2  triplet 2.03 +2.71 / -0.71 0.00 0.05 0.05 0.00 0.49 -0.28 0.68    
 BS ms=0 0.27 +/- 1.17 0.14 -0.11 0.11 -0.14 0.27 -0.17 0.29    
3a  triplet 2.04 +3.01 / -1.01 0.01 0.03 0.03 0.01 0.31 -0.15 0.46 -0.16 0.31  
 BS ms=0 0.80 +/- 2.13 0.15 -0.12 0.12 -0.15 0.32 -0.21 0.38 -0.13 0.25  
3b triplet 2.04 +2.82 / -0.82 0.02 0.04 0.04 0.02 0.35 -0.16 0.51 -0.12 0.22  
 BS ms=0 0.62 +/- 1.76 -0.15 0.13 -0.13 0.15 -0.31 0.19 -0.32 0.09 -0.15  
4  triplet 2.05 +2.98 / -0.98 0.23 -0.10 0.21 -0.18 0.68     0.04 
 BS ms=0 0.72 +/- 1.99 -0.25 0.13 -0.19 0.18 -0.49     0.24 
5  triplet 2.05 +3.31 / -1.31 0.08 -0.04 0.08 -0.06 0.33 -0.18 0.45 -0.15 0.29 0.02 
 BS ms=0 1.04 +/- 2.53 -0.11 0.07 -0.09 0.09 -0.33 0.19 -0.43 0.15 -0.28 0.11 
CCCC
C
C
C
C
a
bc
d
efg
h
i
f'
 
Table S3. Selected C(N) Mulliken spin densities. UB3LYP/6-311G** level of calculation. [a] 
from reference 20. 
 
  
3a 3b 
Figure S3. Spin densities isocontours (accounting for 75 % of the density), computed at the 
UB3LYP/6-311G** for the low spin BS states (top) and for the highest triplet spin states 
(bottom) of compounds 3a and 3b. 
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Compd  S2 a b c d e f g h 
8a  closed-shell singlet   1.204 1.422 1.380      
 triplet 2.04 1.216 1.388 1.523      
8b  closed-shell singlet   1.204 1.423 1.348 1.245     
 triplet 2.04 1.212 1.400 1.423 1.211     
8c  closed-shell singlet   1.205 1.423 1.348 1.251 1.301    
 triplet 2.04 1.211 1.404 1.407 1.219 1.355    
8d  closed-shell singlet   1.205 1.422 1.349 1.252 1.297 1.258   
 triplet 2.04 1.210 1.407 1.398 1.223 1.346 1.224   
8e  closed-shell singlet   1.205 1.422 1.350 1.253 1.296 1.260 1.292  
 triplet 2.04 1.209 1.409 1.392 1.227 1.340 1.228 1.339  
 BS ms=0 0.36 1.206 1.420 1.357 1.248 1.304 1.254 1.301  
8f  closed-shell singlet   1.205 1.422 1.350 1.253 1.296 1.261 1.291 1.263 
 triplet 2.05 1.209 1.410 1.388 1.229 1.336 1.230 1.335 1.230 
 BS ms=0 0.62 1.206 1.418 1.362 1.245 1.309 1.250 1.305 1.252 
C C C
C
C
C
C
C C C C
a
b
c d e f g h
 
Table S4. Selected C-C bond lengths in Å. (U)B3LYP/6-311G** level of calculation. 
 
Compd  S2 Sum a b c d e f g h 
8a  triplet 2.04 +2.82 / -0.82 0.44 -0.19 0.54      
8b  triplet 2.04 +2.76 / -0.76 0.39 -0.17 0.50 0.11     
 BS MS=0 GT 0.17 +/- 0.85 0.15 -0.08 0.21 -0.16     
8c  triplet 2.04 +2.86 / -0.86 0.35 -0.16 0.47 -0.07 0.25    
 BS MS=0 GT 0.47 +/- 1.53 0.23 -0.11 0.31 -0.22 0.29    
8d  triplet 2.04 +2.91 / -0.91 0.33 -0.16 0.45 -0.12 0.29 0.06   
 BS MS=0 GT 0.66 +/- 1.91 0.25 -0.13 0.35 -0.23 0.31 -0.25   
8e  triplet 2.04 +3.02 / -1.02 0.32 -0.15 0.43 -0.16 0.33 -0.02 0.11  
 BS MS=0  0.36 +/- 1.60 0.15 -0.08 0.22 -0.19 0.26 -0.23 0.23  
8f  triplet 2.05 +3.14 / -1.14 0.30 -0.15 0.42 -0.18 0.34 -0.08 0.16 0.05 
 BS MS=0 0.62 +/- 2.21 0.19 -0.10 0.28 -0.23 0.31 -0.26 0.27 -0.26 
CC
C
C
C
C
dc
b
a
C C C
e f g h
 
Table S5. Selected C Mulliken spin densities. [a] from reference 20. (U)B3LYP/6-311G** 
level of calculation. 
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Compd  <S2> a b c d e f g h 
8c' C42H6 closed-shell singlet   1.211 1.427 1.384 1.238 1.329    
 septet 12.07 1.218 1.406 1.407 1.226 1.357    
 BS ms=0 0.48 1.211 1.426 1.385 1.238 1.330    
 open-shell singlet[a]  1.212 1.422 1.389 1.236 1.336    
8d' C54H6 closed-shell singlet   1.211 1.426 1.384 1.240 1.325 1.245   
 Septet 12.08 1.216 1.412 1.401 1.230 1.347 1.231   
 BS ms=0 1.30 1.211 1.425 1.386 1.239 1.328 1.244   
 open-shell singlet[a]  1.211 1.425 1.386 1.239 1.328 1.244   
3a' C78H30 closed-shell singlet   1.212 1.424 1.389 1.230 1.393  1.425 1.375 
 Septet 12.11 1.215 1.414 1.402 1.224 1.416  1.413 1.385 
 BS ms=0 2.23 1.213 1.420 1.395 1.228 1.403  1.420 1.379 
 open-shell singlet[a]  1.213 1.422 1.393 1.229 1.400  1.422 1.378 
 
Table S6. Selected C-C bond lengths in Å. (U)B3LYP/6-311G** level of calculation. [a] 
Optimized geometry after spin decontamination using method A. 
 
 
 
Compd  <S2> Sum a b c d e f g h  
8c' C42H6 septet 12.07 +7.82 / -1.82 0.36 -0.17 0.47 -0.06 0.24     
 BS ms=0 0.48 +/- 3.02 -0.17 0.10 -0.25 0.19 -0.24     
8d' C54H6 Septet 12.08 +8.47 / -2.47 0.31 -0.16 0.42 -0.12 0.29 0.05    
 BS ms=0 1.30 +/- 6.02 -0.15 0.09 -0.25 0.21 -0.27 0.27    
3a' C78H30 Septet 12.11 +8.85 / -2.85 0.30 -0.16 0.46 -0.15 0.28 0.01 0.03 0.03  
 BS ms=0 2.23 +/- 7.07 -0.22 0.12 -0.36 0.19 -0.29 0.14 -0.11 0.11  
 
Table S8. Selected Mulliken spin densities of carbon atoms. (U)B3LYP/6-311G** level of 
calculation. 
   
a
b
c d e f
g
h
C
C
C
C
C
C
C C C
C C
C C
C
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Conclusion : article 4 
 
 
 Dans l’article précédent, il a été montré que pour favoriser l’état fondamental singulet 
à couches ouvertes de molécules organiques, il était possible de faire intervenir deux types de 
motif, les motifs isolants de spin (ici les groupements 1,4-phénylènes) et les motifs 
stabilisants par délocalisation de spin (ici principalement des unités C2 et notamment leur 
assemblage en motif trialkynylméthane TAM). Certains des systèmes étudiés sont 
potentiellement de bonnes cibles pour la synthèse de molécules organiques à propriétés 
magnétiques.  
La décontamination des solutions BS des macrocycles présentés a permis de comparer 
les résultats donnés par deux méthodes différentes A et B. Il serait intéressant d’utiliser la 
méthode B pour chaque géométrie générée par la technique LST et de voir si le minimum 
d’énergie du singulet à couches ouvertes obtenu a la même géométrie que celle trouvée avec 
la méthode A. Même si les valeurs absolues d’écarts énergétiques entre les différentes 
solutions (singulet à couches ouvertes, singulet à couches fermées, triplet…) ne sont 
qu’approximatives, elles permettent tout de même d’avoir une idée fiable du caractère bi- ou 
poly-radicalaire de chacun des composés.  
 Par souci d’homogénéité, tous les calculs ont été effectués avec la fonctionnelle 
B3LYP. La fonctionnelle CAM-B3LYP a aussi été testée sur certaines cibles et s’est avérée 
avoir souvent tendance à stabiliser davantage la solution polyradicalaire par rapport l’état 
singulet à couches fermées en comparaison des résultats obtenus avec la fonctionnelle 
B3LYP. Néanmoins, les calculs effectués sur le di(p-tolylène)acétylène ont montré que le 
couplage magnétique était mieux reproduit avec la fonctionnelle CAM-B3LYP qu’avec 
B3LYP par rapport au calcul CASPT2. Ainsi une solution à symétrie brisée a pu être obtenue 
et optimisée pour le para-dianisyl-tetraphényl-carbo-benzène, avec une valeur de S2 de 0.9, 
une énergie (non décontaminée) plus basse de 3 kcal mol-1 et une densité de spin analogue à 
celle observée chez les carbo-benzènes de deuxième et troisième génération présentés 
précédemment (Figure 1).  
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Figure 1.  Densité de spin (isosurface contenant 75% de la densité de spin) du  para-dianisyl-etetraphényle-carbo-benzène 
calculé au niveau UCAM-B3LYP. 
 
 Le caractère polyradicalaire des dérivés carbo-benzéniques reste hypothétique pour 
l’heure. Néanmoins, le fait d’avoir trouvé une solution singulet à couches ouvertes au 
voisinage énergétique de la solution à couches fermées pourrait indiquer qu’à température 
ambiante les deux formes seraient susceptibles d’exister. De plus, aucun calcul d’états excités 
optiques de carbo-benzènes n’a réussi à rendre compte des bandes de faible intensité situées 
aux alentours de 550 nm, systématiquement présentes pour tous les carbo-benzènes étudiés 
(voir Figure 2). La possibilité qu’elles puissent être dûes à des couplages vibroniques a été 
envisagée, mais une étude préliminaire, réalisées par Jean-Louis Heully au LCPQ, a montré 
que des couplages vibroniques induiraient des énergies de transition plus hautes que la bande 
principale d’absorption. Bien sûr, une étude plus poussée des couplages vibroniques sur ces 
molécules devra être conduite pour s’en assurer, mais leur attribution à des états excités 
"magnéto-optiques" (états excités optiques de la forme couches ouvertes des carbo-benzènes) 
reste a priori envisageable. Dans le contexte analogue d'hydrocarbures polycycliques 
aromatiques (PAH), présentant un caractère biradicalaire,1 l’apparition de pics de faible 
intensité à basse énergie a été observée. Ce possible caractère polyradicalaire des dérivés 
carbo-benzéniques, mis en lumière par ces calculs, devra cependant être confirmé ou démenti 
par des mesures expérimentales (ESR, SQUID). 
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Figure 2. Superposition des spectres d’absorption UV-visible du para-dianisyl-tétraphényl-carbo-benzène calculé au niveau 
TD-CAM-B3LYP/6-31G** (solvant PCM chloroforme et largeur à mi-hauteur de 0,2 eV) en noir et expérimental en gris. 
 
 Le p-quinodiméthane a été le point de départ de cette étude, très récemment un carbo-
mère en a été synthétisé (« carbo-quinoïde ») et une étude structurale et orbitalaire a été 
effectuée.2 Il serait aussi intéressant d’en étudier le caractère polyradicalaire éventuel.  
 
 
 
  
 
 
 
 
 
                                                
1 Z. Sun, Z. Zeng, J. Wu, Acc. Chem. Res. 2014, 47, 2582−2591. 
2 K. Cocq, V. Maraval, N. Saffon-Merceron, A. Saquet, C. Poidevin, C. Lepetit, R. Chauvin, 
Angew. Chem. Int. Ed. 2015, 54, 2703 –2706.  
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Conclusion générale 
 
 
 Ce travail de thèse a été consacré à l’étude théorique de propriétés optiques et 
magnétiques de molécules organiques et organométalliques. La principale méthode de calcul 
quantique utilisée a été la DFT. Ce choix a été dicté essentiellement par des contraintes de 
taille des cibles envisagées, mais les résultats ainsi obtenus ont pu être souvent validés par 
comparaison soit à des données expérimentales (spectres d’absorption, sections efficaces 
d’absorption à deux photons, couplage magnétique) soit à des résultats à un niveau de calcul 
supérieur (CASPT2).  
 
 La pertinence de l’utilisation de la méthode TD-DFT, ainsi que le développement d’un 
outil d’analyse simple du moment dipolaire de transition vers des états excités, ont permis de 
décrire et d’analyser l’origine des principales bandes du spectre d’absorption UV-vis de 
dérivés carbo-benzéniques. Certaines caractéristiques de ces spectres restent néanmoins 
encore inexpliquées. Elles feront l’objet de futures études, devant notamment prendre en 
compte les couplages vibroniques ou la nature potentiellement polyradicalaire de ces 
molécules à l’état singulet à couches ouvertes. 
 
 Concernant les chromophores carbo-benzéniques quadripolaires, la validation des 
analyses de leurs propriétés d’optique non linéaire du troisième ordre effectuées ici 
(absorption à deux photons) requiert l’obtention de nouvelles données expérimentales. Cette 
première étude théorique a cependant permis, d’une part de reproduire les valeurs relatives de 
sections efficaces mesurées par la technique Z-scan (σTPA), et d’autre part d’en appréhender 
l’origine à l’aide d’un modèle simple « à trois niveaux ». Une analyse quantitative par 
fragment des densités de transition tronquées pourrait permettre une compréhension plus fine 
de la valeur des moments dipolaires de transition dans ces carbo-chromophores de référence, 
et ainsi de suggérer des motifs de substitution induisant des valeurs de σTPA  plus élevées. 
 
 L’étude initiale des états à transfert de charge de composés organométalliques 
expérimentaux a été à l’origine du développement d’un nouvel outil de caractérisation et 
d’analyse de cette propriété. Dans l’esprit de l’interaction constructive expérience-théorie 
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évoquée dans l’Introduction Générale, de ces travaux ont émergé de nouvelles cibles de 
synthèse expérimentales. 
 
 Le travail réalisé sur le caractère bi- ou poly-radicalaire de molécules organiques, pour 
la plupart inédites, a tout d’abord permis d’identifier deux mécanismes complémentaires 
stabilisant l’état singulet à couches ouvertes, et a ici aussi donné lieu à de nouveaux défis en 
synthèse expérimentale. Les résultats envisagés pourraient permettre de confirmer ou 
d’invalider le niveau de calcul, ainsi que les méthodes utilisées pour la décontamination des 
solutions à symétrie brisée. 
 
 Les différentes problématiques abordées étaient a priori éloignées, mais elles 
apparaissent voisines, voire complémentaires, au travers de l’analogie états excités 
optiques/états excités magnétiques suggérée dans l’Introduction Générale. De nombreux 
résultats ont ainsi été obtenus, dont la plupart ont pu être analysés et interprétés. Toutefois, 
autant de questions restent en suspens que d’idées en attente. 
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Abstract 
 
The first chapter of this thesis reports on the theoretical study of linear and nonlinear 
optical properties of organic and organometallic experimental targets developed in the group, 
especially quadrupolar carbo-benzene derivatives. Standard methods for the calculation and 
the analysis of excited states are presented first, as well as two theoretical tools developed in 
this work addressing: (i) the charge transfer character in terms of "hole" and "particle" 
densities and (ii) the visualization of the transition dipole moment from the transition density 
truncated to the main mono-excitations (TTD). The first excited states of the chromophores 
calculated at the TD-DFT level, and at the CAS- PT2 level for a few model chromophores, 
are then analyzed. The one-photon UV-visible absorption spectra of carbo-benzene 
derivatives fit with the Gouterman model originally proposed for porphyrins, where the four 
first excited states involve linear combinations of mono-excitations of the same four frontier 
molecular orbitals. The relative intensities of the absorption bands are analyzed from the 
transition dipole moments calculated from the TTDs. An analogy between porphyrins and 
carbo-benzenes is then argued. The "hole" and "particle" densities are used to study the 
charge transfer character of the first excited states of palladium(II) complexes, built from 
electron-rich carbon ligands and electron-poor phosphorus ligands. 
The two-photon absorption (TPA) efficiency, a third order nonlinear optical property, 
is then studied. For each two-photon allowed excited state, a TPA cross-section (σTPA) has 
been calculated, from the contribution of all possible intermediate excited states, using the 
"sum-over-state" (SOS) method. Most of the carbo-benzene derivatives fit with the "three 
level model", with a major contribution of one intermediate state to the TPA cross-section. 
σTPA ≈ (μ0i2*μif2)/ΔE2, where ΔE is the difference between the energy of the intermediate state 
(one-photon allowed) and half the energy of the final state (two- photon allowed). The TPA 
efficiency can thus be analyzed from the transition dipole moments (μ0i and μif), which can be 
calculated from the TTDs, and the energies of the two transitions. 
In the second chapter, the stability of organic di- or poly-radicals was studied in 
collaboration with Jean-Paul Malrieu, Georges Trinquier and Esmail Alikhani. The di- or 
poly-radical open-shell singlet spin state of carbo-benzenes of first, second and third 
generation, and of related acyclic motifs, is first studied using broken-symmetry calculations. 
The spin-decontamination of the MS = 0 broken-symmetry solution is then performed either 
(i) at constant geometry according to the procedure of Labanowski et al. or (ii) following the 
"recipe" of Malrieu et al., yielding the optimized geometry of the open-shell singlet spin state. 
The stability of the latter for oligoacetylenic systems of the carbo-mer type has been 
compared to the one of parent oligobenzenic systems. A structural analysis of the results is 
discussed in terms of "spin insulating moieties" and "spin stabilizing moieties". The former 
may be related to aromaticity (1,4-phenylene > 1,2-ethynylene), while the latter may be 
related to spin delocalization. The trialkynylmethyle radical (TAM) is suggested as a 
particularly efficient spin stabilizing pattern. On the basis of these results, several carbo-
meric synthesis targets are suggested. 
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Résumé 
 
Le premier chapitre de cette thèse concerne l’étude théorique des propriétés optiques 
linéaire et non linéaires de cibles organiques et organométalliques expérimentales de l'équipe, 
en particulier de dérivés carbo-benzéniques quadrupolaires. Les méthodes de calcul et 
d'analyse standard des états excités sont tout d'abord présentées, ainsi que deux outils 
d'analyse développés dans ce travail concernant : (i) le caractère transfert de charge en termes 
de densité de « trou » et de « particule », et (ii) la visualisation du moment dipolaire de 
transition à partir de la densité de transition tronquée (TTD) aux principales mono-
excitations. Les premiers états excités des chromophores calculés au niveau TD-DPT, ainsi 
qu’au niveau CAS-PT2 pour certains chromophores modèles, sont ensuite analysés. Les 
spectres d'absorption UV-visible à 1 photon des dérivés carbo-benzéniques s’inscrivent dans 
le cadre du modèle de Gouterman proposé pour les porphyrines, où les quatre premiers états 
excités mettent en jeu des combinaisons linéaires de mono-excitations impliquant les quatre 
mêmes orbitales moléculaires frontières. Les moments dipolaires calculés à partir des TTD 
rendent bien compte des intensités relatives des bandes d'absorption. Une analogie entre 
porphyrines et carbo-benzènes est ainsi argumentée. Les densités de « trou » et de 
« particule » ont été utilisées pour étudier le caractère transfert de charge des premiers états 
excités de complexes de palladium(II), construits à partir de ligands carbonés riches en 
électrons et de ligands phosphorés pauvres en électrons. 
L'efficacité d'absorption à deux photons (ADP), une propriété optique non linéaire du 
troisième ordre, est ensuite étudiée, Les sections efficaces d’ADP (σADP) ont été calculées, en 
utilisant la méthode « sum-over-state » (SOS), qui prend en compte la contribution de tous les 
états excités intermédiaires possibles. La plupart des dérivés carbo-benzéniques étudiés 
s’inscrivent dans le cadre du « modèle à trois niveaux », c’est à dire que la contribution d’un 
état excité intermédiaire domine largement celle des autres. σADP ≈ (μ0i2*μif2)/ΔE2, où ΔE est 
la différence entre l’énergie de l’état excité intermédiaire (autorisé à un photon) et la moitié 
de l’énergie de l’état excité final (autorisé à deux photons). Les propriétés d'ADP peuvent 
alors être analysées à partir des moments dipolaires de transition (μ0i et μif), qui peuvent être 
calculés à l’aide des TTD, et des énergies de ces deux transitions. 
Le second chapitre concerne des études du caractère bi- ou poly-radicalaire de 
molécules organiques réalisées dans le cadre d'une collaboration avec Georges Trinquier et 
Esmail Alikhani, animée par Jean-Paul Malrieu. Parmi les différents systèmes envisagés, 
notamment des carbo-benzènes de première, deuxième ou troisième génération ainsi que de 
nouveaux motifs dont le caractère bi- ou poly-radicalaire singulet à couches ouvertes est tout 
d'abord étudié par des calculs en symétrie de spin brisée. La décontamination de la solution 
MS = 0 de symétrie brisée a été ensuite effectuée soit (i) à géométrie constante selon la 
procédure de Labanowski et al., soit (ii) en optimisant la géométrie de l’état de spin singulet à 
couches ouvertes selon la « recette » proposée par Malrieu et al.. La stabilité de cet état pour 
des systèmes oligoacétyléniques de type carbo-mère a été comparée à celle obtenue pour des 
systèmes oligobenzéniques parents. Les résultats sont analysés en termes structuraux en 
faisant appel aux concepts de « motifs isolants de spin » et de « motifs stabilisants de spin ». 
La qualité des premiers est corrélée à l’aromaticité des motifs (1,4-phénylène > 1,2-
éthynylène). Le radical trialcynylméthyle (TAM) est proposé comme un motif stabilisant de 
spin particulièrement performant. Sur la base de ces résultats, diverses cibles de synthèses 
sont proposées en série carbo-mère. 
 
